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Fig. I. A represenllllion of the Fenlon reaction and iiS role as a mediator in 
EMF-induced biodfecu. 

were made. For example. in the study by Lagroye et al. 1431 
to investigate the effect of PK digestion on DNA migration 
after RFR exposure, PK was added to a lysing solution con
Laining the detergent Triton X-100, which would inactivate 
the enzyme. Our experience indicates that the comet assay 
is a very sensitive and requires great care to perform. Thus, 
different detec1ion sensitivities could result in different labo
ratories. even if the same procedures are followed. One way 
to solve this problem of experimemal variation is for each 
research team to report the sensitivity of their comet assay. 
e.g., the threshold of detecting strand breaks in human lym
phocytes exposed to X-rays. This information has generally 
not been provided for EMF-genotoxicity studies. Interest
ingly, when such information was provided, a large range of 
sensitivities have been reponed. Malyapa et al.(40 I reported a 
detection level of 0.6 cGy of gamma radiation in human lym
phocytes, whereas McNamee et al. 1761 reponed I0-50cGy 
of X-irradiation in lymphocytes, which is much higher than 
the generally acceptable detection level of the comet assay 
[15]. 

A drawback in the interpretation and understanding of 
experimental data from bioelectromagnetics research is that 
there is no general acceptable mechanism on how EMF 
affects biological systems. The mechanism by which EMF 
produces changes in DNA is unknown. Since the energy level 
associated with EMF exposure is not sufficient to cause direct 
breakage of chemical bonds within molecules. the effects are 
probably indirect and secondary to other induced biochemical 
changes in cells. 

One possibility is that DNA is damaged by free radicals 
that are fonned inside cells. Free radicals affect cells by dam
aging macromolecules, such as DNA, protein, and membrane 
lipids. Several reports have indicated that EMF enhances free 
radical activity in cells 118,19,61.62.77.781. panicularly via 
the Fenton reaction [62[. The Fenton reaction is a process 
catalyzed by iron in which hydrogen peroxide, a product of 
oxidative respiration in the mitochondria, is convened into 
hydroxyl free radicals. which are very potent and cytotoxic 
molecules (Fig. I ). 

It is interesting that F.I.F EMF has also been shown to 
cause DNA damage. Funhennore. free radicals have been 
implicated in this effect of ELF EMF. This further supports 
the view that EMF affects DNA via an indirect secondary 
process. since the energy content of ELF EMF is much lower 
than that of RFR. Effects via the Fenton reaction predict how 
a cell would respond to EMF. For instance: 

(I) Cells that are metabolically active would be more sus
ceptible to EMF, because more hydrogen peroxide is 
generated by mitochondria to fuel the reaction. 

(2) Cells that have high level of intracellular free iron would 
be more vulnerable to EMF. Cancer cells and cells under
going abnormal proliferation have higher concentrations 
of free iron because they uptake more iron and have less 
enicicnt iron storage regulation. Thus, these cells could 
be selectively damaged by EMF. Consequently, this sug
gests that EMF could potentially be used for the treatment 
of cancer and hyperplastic diseases. The effect could be 
further enhanced if one could shift anaerobic glycoly
sis of cancer cells to oxidative glycolysis. There is quite 
a large database of information on the effects of EMF 
(mostly in the ELF range) on cancer cells and tumors. 
The data tend to indicate that EMF could retard tumor 
growth and kill cancer cells. One consequence of this 
considerotion is that epidemiological studies of cancer 
incidence in cell phone users may not show a risk at all 
or even a protection effect. 

(3) Since the brain is exposed to rather high levels of 
EMF during cell phone use. the consequences of EMF
induced genetic damage in brain cells are of particular 
importance. Brain cells have high levels of iron. Spe
cial molecular pumps are present on nerve cell nuclear 
membranes to pump iron into the nucleus. Iron atoms 
have been found to intercalate within DNA molecules. In 
addition. nerve cells have a low capacity for DNA repair, 
and DNA breaks could easily accumulate. Another con
cern is the presence of superparamagnetic iron-particles 
(magnetites) in body tissues, particularly in the brain. 
These particles could enhance free radical activity in cells 
and thus increase the cellular-damaging effects of EMF. 
These factors make nen:e cells more vulnerable to EMF. 
Thus, the effect of EMF on DNA could conceivably be 

more significant on nerve cells than on other cell types of 
the body. Since nerve cells do not divide and are not likely 
to become cancerous, the more likely consequences of 
DNA damage in nerve cells include changes in cellular 
functions and in cell death. which could either lead to 
or accelerate the development of neurodegenerative dis
eases. Double-strand breaks, if not properly repaired, are 
known to lead to cell death. Cumulative DNA damage in 
nerve cells of the brain has been associated with neurode
generative diseases, such as Alzheimer's, Huntington's, 
and Parkinson's diseases. However, another type of brain 
cell. the glial cell, can become cancerous as a result of 
DNA damage. The question is whether the damaged cells 
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would develop into tumors before they~ killed by EMF 
due to over iiCcumulation of genetit damages. The out
come depends on the interplay of these different physical 
and biological factors-an increase, decrease. or no sig~ 
nificant change in cancer risk could resull from EMF 
exposure. 

(4) On the other hand, cells with high amounts of 
antioxidants and antioxidative enzymes would be less 
susceptible to EMF. Furthennore, the effect of free 
mdicals could depend on the nutritional status of an 
individual, e.g., availability of dietary antioxidants, con
sumption of alcohol, and amount of food consumption. 
Various life conditions. such as psythological stress and 
strenuous physicnl exercise, have been shown to increase 
oxidative stress and enhMce the effect of free radicals in 
the body. Thus. one can also speculate that some indi
viduals may be more susceptible to the effects of EMF 
exposure. 

AdditionaJiy, the work of Blank and Soo [791 and Blank 
and Goodman [801 suppon the possibility that EMF exposure 
at low levels has a direct effect on electron transfer processes. 
Although the authors do not discuss their work in the con
cext of EMF-induced DNA dam.age,the possibility exists that 
EMF exposure could produce oxidative damage to DNA. 

5. Lessons learned 

Whether or not EMF causes biological effects, let alone 
effects that are detrimental to human heallh and development, 
is a contentious issue. The literature in lhis area abounds 
with apparently contradictory studies, and as presented in this 
review, the literature specific to lhe effects of RFR exposure 
on DNA damage and repair in various biological systems is 
no exception. As a consequence of this controversy. there 
are several key issues that must be nddress~ontrary data. 
weight of evidence, and data interpretation consistent with 
known science. 

Consider that EMF does not share the familiar and com
forting phy11icul properties of chemical agents. EMF cannot 
be seen, tasted, smelled, or felt (except at high intensities). 
II is relevanl. therefore, to ask, in whut ways do scientists 
respond to data, especially if that data are contrary to their 
scientific beliefs or inconsistent with long~held hypotheses? 
Often such data are ignored, simply because it contradict what 
is accepted as conventionol wisdom. Careful evaluation and 
interpretation of data may be difficult, because technologies 
used to expose biological syscems to EMF and methodologies 
used to assess dosimetry generally are outside the experience 
of most biomedical scientists. Additionally, it is often diffi~ 
cult to assess differences in melhodologies betwem studies, 
one or more of which were incended to replicale an origi
nal investigation. For instance, Malyapa et al. [40) reported 
what they claimed to be a replication of the work of Lai 
and Singh (161. There were. however. significant differences 

in the comet anaJyses u~d by each group. Lai and Singh 
precipitated DNA in agarosc so that low levels of DNA dam· 
age could be detected. Malyapa etal. did not. Lni and Singh 
treated their samples with PK to digest proteins bound to 
DNA, thus nllowing DNA to move toward the positive pole 
during electrophoresis (unlike DNA, most proteins are nega
tively charged. and if they are not ~moved they will drag the 
DNA toward the negative pole). The Malyapa et al. siUdy did 
not usc PK. There were Other methodological differences as 
well. Such is also the case in the study of Hook et al. 1421. 
which attempted to replicate the work of Phillips et al. (21]. 
The latter group used 11 PK treatment in their comet assay. 
while the fonner group did not. 

While credibility is enhanced when one can relate data 
to personal knowledge and scientific beliefs. it has not yet 
been detennined how RFR couples with biologicnl systems 
or by what mechanisms effects are produced. Even carefully 
designed and well executed RFR exposure studies may be 
summarily dismissed as methodologicdly unsound, or the 
data may be interpreted as invalid because of inconsisten
cies with what one believes to be correct. The quintessential 
example is the belief that exposure to RFR can produce no 
effects that are not related to the ability of RFR to produce 
heat, that is, to raise the cemperature of biological systems 
181.821. Nonetheless, there are many examples of biologi· 
cal effects resulting from low~level (a thermal) RFR exposure 
[83,841. Consider here the work of Masbevich et al. (851. This 
group exposed human peripheral blood lymphocytes to an 
830-MHz signal for 72 h imd at different average SARs (SAR. 
1.6-8.8 Wlkg). Tempemrures rMged from 34.5 to 38.5 °C. 
This group observed an increase in chromosome 17 aneu
ploidy that varied linearly wilh SAR. Temperature elevation 
alone in the range of 34.5-38.5 °C did not produce this geno· 
toxic effect. although significant aneuploidy was observed 
at higher temperatures of 40-41 °C. The authors conclude 
that the genotoxic effect of the radio frequency signal used is 
elicited through a non-thennal pathway. 

Also consider one aspect of the work ofPhillipset a1.[21). 
In that study, DNA damage was found to vary in direction; 
that is, under some conditions of signal chariiCteristics, signal 
intensity. and rime of ex'posure, DNA damage increased as 
compared with concurrent unexposed controls, while under 
other conditions DNA damage decreased as compared with 
controls. The dual nature of Phillips et al.'s [21) results 
will be discussed later. For now consider the relationship of 
these results to other investigations. Adey et Ill. (861 per
formed an in vivo study to determine if rats treated in utero 
with the carcinogen ethylnitrosoun:a (ENU) and exposed to 
an 836.55-MHz lield with North American Digital Cellular 
modulation (referred to as a TDMA field) would develop 
increased numbers of central system tumors. This group 
reponed that rather than' seeing an increase in tumor inci
dence in RFR-exposed rats. the~ was instead a decrease in 
tumor incidence. Moreover, rats that received no ENU but 
which were exposed to the TDMA signal aJso showed a 
decrease in the number of spontaneous tumors a.s compared 
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wilh animals exposed to neilher ENU nor the TDMA signal. 
This group postulated that their results may be mechanis
tically similar to the work of another group. Stammberger 
ct al. [87] had previously reported that rats treated in utero 
wilh ENU and then exposed to low doses of X-irradiation 
exhibited significantly reduced incidences of brain tumors 
in adult life. Stammberger and colleagues (87] hypothe
sized lhat low-level X-irradiation produced DNA damage that 
then induced the repair enzyme 06-alkylguanine-DNA alkyl
transferase (AT). Numerous groups have since reported that 
X-irradiation does indeed induce AT activity (e.g., [88,891). 
In this context, it is significant that Ph ill ips ct al. [ 21) found 
that cells exposed in \'itro to a TDMA signal identical to that 
used in the study of Adey et al. [86) produced a decrease in 
DNA damage under specific conditions of intensity and time 
of exposure (lower intensity, longer time; higher intensity, 
shorter time). These results raise the intriguing possibility 
that the decrease in tumor incidence in the study of Adey et al. 
]86 J and the decrease in DNA damage in the study of Phillips 
et al. [21) both may have been the result of induction of AT 
activity resulting from DNA damage produced by exposure 
to the TDMA signal. This remains to be investigated. 

Because the issue of RFR-induced bioeffects is con
tentious, and because the issue is tried in courtrooms and 
various public forums, a term heard frequenrly is weight of 
evidence. This term generally is used to describe 11 method 
by which all scientific evidence related to a causal hypothesis 
is considered and e\·aluated. This process is used extensively 
in matters of regulation. policy. and the law. and it provides 
a means of weighing results across different modalities of 
evidence. When considering the effects of RFR exposure 
on DNA damage and repair, modalities of evidence include 
studies of cells and tissues from laboratory animals exposed 
in vivo to RFR, studies of cells from humans exposed to 
RFR in vi~·o, and studies of cells exposed in ~·itro to RFR. 
While weight of evidence is gaining favor with regulators 
!90]. its application by scientists to decide mauers of science 
is often of questionable value. One of the reasons for this 
is that there generally is no discussion or characterization 
of what weight of evidence actually means in the context 
in which it is used. Additionally. the distinction between 
weight of evidence and strength of evidence often is lack
ing or not defined, and differences in methodologies between 
investigators are not considered. Consequently. weight of evi
dence generally amounts to what Krimsky (90) refers to as 
a "seat-of-the-pants qualitative a.~sessment." Krimsky points 
outlhat according to this view, weight of evidence is "a vague 
term lhat scientists use when they apply implicit. qualitative, 
and/or subjective criteria to evaluate a body of evidence." 
Such is the case in the reviews by Juutilainen and Lang 1911 
and Verschaeve and Maes [92]. There is little emphasis on 
a critical analysis of similarities and differences in biolog
ical systems used, exposure regimens, data produced, and 
investigator's interpretations and conclusions. Rather, there is 
greater emphasis on the number of publications either finding 
or not finding an effect of RFR exposure on some endpoint. 

To some investigators, weight of evidence does indeed refer 
to the balance (or imbalance) between the number of stud
ies producing apparently opposing results, without regard to 
critical experimentnJ variables. While understanding the role 
these variables play in detennining experimental outcome 
could provide remarkable insights into defining mechanisms 
by which RFR produced biological effects, few seem inter
ested in or willing to delve deeply into the sdence. 

A final lesson can be derived from a statement made by 
Gos et al. (931 referring to the work of Phillips et al.f21). Gos 
and colleagues state, "The results in the latter study (Phillips 
ct al., 1998) are puzzling and difficult to interpret. as no con
sistent increase or decrease in signal in the comet assay at 
various SARs or times of exposure was identified." This state· 
ment is pointed out because studies of the biological effects of 
exposure to eleclrumagnetic fields at any frequency are often 
viewed as outside of or distinct from what many refer to as 
mainstream science. However, what has been perceived as an 
inconsistent effect is indeed consistent with the observations 
of bimodal effects reported in hundreds of peer-reviewed 
publications. These bimodal effects may be dependent on 
concentration of an agent, time of incubation with an agent, 
or some other parameter relating to the state of the system 
under investigation. For instance, treatment of B cells for 
a short time (30 min) with the protein kinase C activator 
phorbol 12,13-dibutyrate increased proliferative responses 
to anti-immunoglobulin antibody. whcrea'i treatment for a 
longer period of time (:::3 h) suppressed prolifemtion [W 1. 
In a study of t<-opioid agonists on locomotor activity in 
mice. Kuzmin et al. 195) reponed that higher, analgesic doses 
of K-agonists reduced rearing. motility, and locomotion in 
non-habituated mice. In contrast, lower. subanalgesic doses 
increased motor activity in a time-dependent manner. Dierov 
et al. )961 observed a bimodal effect of all-trans-retinoic acid 
(RA) on cell cycle progression in lymphoid cells that wa~ 
temporally related to the length of exposure to RA. A final 
example is found in the work of Rosenstein et al. 1971. This 
group found that the activity of melatonin on depolarization
induced calcium influx by hypothalamic synaptosomes from 
rats sacrificed late evening (2000 h) depended on melatonin 
preincubation time. A short preincubation time ( I 0 min) stim • 
ulated uptake, while a longer preincubation ( 30 min) inhibited 
calcium uptake. These effects were also dependent on the 
time of day when the rats were sacrificed. Effects were max
imal at 2000 h, minimal at 2400 h, and intermediate at 400 h. 
At IOOOh, only inhibitory effects of melatonin on calcium 
uptake were observed. These examples point out that what 
appears to be inconsistency may instead be real events related 
to and determined by the agents in\'ol\'ed and the state of the 
biological system under investigation. The results of Phillips 
et al. [211 may be the result of signal modulation, signal 
intensity. time of exposure. or state of the cells. The results 
may indicate a bimodal effect, or they may. as the investiga
tors suggest. represent time- and signal-dependant changes 
in the balance between damage and repair because of direct 
or indirect effects of RFR exposure on repair mechanisms. 
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6. Summary 

Exposure of laborutory animals in vivo and of cultured 
cells in vitro to various radiofrequency signo.ls has produced 
changes in DNA damage in some investigations and not in 
otllers. That many of the studies on both sides of this issue 
have been done: well is encouraging from a scientific perspec
tive. RFR exposure does indeed appear to affect DNA damage 
and repair, and the total body of available data contains 
clues as to conditions producing effects and methodologies 
to detect them. This view is in contrast to that of those who 
believe that studies unable to replicate the work of others are 
mo~ credible than the original studies, that studies showing 
no effects cancel studies showing an effect, or that stud
ies showing effects are not credible simply because we do 
not understand how those effects might occur. Some may 
be tempted to apply incorrectly the teachings of Sir Karl 
Popper. one of the great science philosophers of the 20th 
century. Popper proposed that many examples may lend sup· 
pon to an hypothesis, while only one negative instance is 
required to refute il 198). While this holds most strongly for 
logical subjects, such as mathematics, it does not hold well 
for more complex biological phenomena that are inHuenced 
by stochastic factors. Each study to investigate RFR-induced 
DNA damage must be evaluated on its own merits, and then 
studies that both show effects and do not show effects must be 
CQCCfully evaluated to define the relationship of experimental 
variables to experimental outcomes and to assess the value 
of experimentaJ methodo logies to detect and measure these 
outcomes (see Section 2). 

The lack of a causal or proven mechanism(s) to explain 
RFR-induced effects on DNA damage and repair does not 
decrease the credibility of studies in the scientific literature 
that repon effects of RFR exposure, because there are sev
eral plausible mechanisms of action that can account for tlle 
observed cff~ts. The: relationship between cigmtte smol(
ing and lung cancer was accepted long before a mechanism 
was established. This, however. occurred on the strength of 
epidemiologic data (99]. Fortunately, relevant epidemiologic 
data relating long-tenn cell phone use (>I 0 years) to central 
nervous system tumors are beginning toappear(84.100-102), 
and tbese data point to an increased risk of acoustic neuroma, 
glioma and parotid gland tumors. 

One plausible mechanism for RFR-induced DNA damage 
is free radical damage. After finding that two free radi
cal scavengers (melatonin and N-tert-butyl-a-phenylnitrone) 
prevent RFR-induced DNA damage in rat brain cells, Lai 
and Singh (62) hypothesized that this damage resulted from 
free radical generation. Subsequently, other reports appeared 
that also suggested free radicaJ fonnation as a result of RFR 
exposure ( 103-105). Additionally, some investigators have 
reported that non-thermo.l exposure to RFR alters protein 
structure and function I 106-1091. Scientists w't familiar with 
molecules interacting with proteins through lock-and-key or 
induced-fit mechanisms. It is accepted that such interactions 
provide energy to change protein confonnation and protein 

function. Indeed, discussions of these principles are presented 
in introductory biology and biochemisuy courses. Perllaps 
!hen it is possible that RFR exposure, in a manner similar to 
lhat of chemical agents.'provides sufficient energy to alter the 
structure of proteins involved in DNA repair mechanisms to 
the extent that their function also is changed. This has not yet 
been investigated. · 

When scientists maintain the ir beliefs in the face of con· 
trary data. two diametrically opposed situations may result. 
On the one band, data are seen as either right or wrong and 
there is no discussion to resolve disparities. On the other 
h.and, and as Francis Crick {II OJ has pointed out, scientists 
who hold theoreticaiiJoPposed positions may engage in fruit· 
ful debate to enhance understanding of underlying principles 
and advance science in general. While the latter certainly is 
preferable, there are external factors involving economics and 
politics that keep this from happening. It is time to acknowJ. 
edge this and embark ori the path of fruitful discussion. Great 
!lcientilic discoveries await. 
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Abstract 

101 publications are exploited which have studied genotoxicity of rndiofrcquency electromasnetic fields (Rf-EMF) in vivo and in vitro. 
Of lhese 49 rrport a genotoxic effect and 42 do not. In addition. 8 studies failed to deleet an inHucnce on the genetic materi:U. but sbowed 
that Rf·EMF enhanced the genotoxic action of other chemical or physical agents. The controversial results may in p:ut be explained by the 
different cellular systems. Moreover, inconsistencies may depend from the variety of analytical methods being used, which differ considerably 
wilh respect to semitivity and specificity. Takina altogether there is ample evidence that RF-EMF can alter the genetic material of exposed 
cells in \'ivo and in vitro and in more th11n one: way. This genotodc actioo may be mediated by mierothennal effects in cellulaJ slnlctul'e$, 
formation of free radicals, or an interaction with DNA-repair mechnnisrru. 
C 2009 Elsevier Ireland ltd. All rights reserved. 

Kryworrh: <kne mutations: Cytoacnc«ic ciJccu; DNA fragmentation: Mechanisms of senotollitity 

1. Jotrodudloo 

Alterations of genetic information in somatic cells o.re 
the key event in the process of carcinogenesis ( 1.2]. Con
sequently any agent. which has a genotoxic attribute is 
suspected also to be cancerogenic. This is the driving force 
behind the multitude of studies on genotoxicity of radiofre· 
quency electromagnetic fields (RF-EMF), conducted so far. A 
total of 10 I publications on genotolllicity studies of RF-EMF 
m exploited here, of which 49 repon genoto)(ic effects, sub
sequently marked as GT( +)(Table I), 43 do not (Table 2), and 
9 find. that RF-EMF do not induce genotoxic events hy itself 
but enhance the genotoxic action of omer physical or chem
ical agents (fable 3). Thus. in contrast to several reviews in 
the pllSt [3-6], it now became evident that non-thelliUll geno
toxic effects of RF-EMF is convincingly demonstmted by 
a substantial number of published sNdies. The studies have 
been perfonned with a variety of different test systems -
some studies used more than one test system- which will be 
assigned here to the tJuu principle endpoints of a genotoxic 
action: (I) effect on chromosomes, (2) DNA frugmentation, 
and (3) gene mutations. 

• Ttl.: +43 I 9j82908. 
E·lntlil Ddllrrss: hugo.rucdigc:r@mtduniwicn.u<·.at. 

0928-461101$ - ICC frollt matter C 2009 Elsevier Ireland Ltd. A II rights reserved. 
doi:JO.l0J61j.pathophyo.200S.J I .004 

Z. Elrcd ou dlromosomes 

This group comprises the analysis of numerical or struc
tural anomalies of metapho.se chromosomes (CA). sister
chromatid-exchanges (SCEs). and formation of micronuclei 
(MN). Of the 21 studies using CA, 9 are CA-positive, II 
CA-negativc, and I reports IUl RF-induced enhancement of 
genotoxicil)' by X-ruys.1 In generaJ proliferating cells are 
required for the study of chromosomal effects. however, 
micronuclei have also been IUlalysed in polychromatic ery
throcytes and in exfoliated cells, for instance from buccal 
smears [7,81. Moreover.' aneuploidy races of distinct chro
mosomes as well as chiomosomal tronslocations can also 
bt: studied in inLerphas~ nuclei using fluorescence in situ 
hybridization (FISH). While slructural aberrations detected 
by conventional CA are' mainly lethal to the cell, translo
cations are persistent and may be passed to the cellular 
progeny. Using FISH im:rea.'led levels of aneuploidy of chro
mosome I, 10, 1 I, and 17 have been reported in human blood 
lymphocytes after RF-EMF exposure (9].1n metaphase chro
mosomes FISH may increase the sensitivity of chromosomal 
analysis [I OJ but this has only once been used for RF-EMF 
studies I ll). 

CA brings about to dctC(;t a variety of chromosomal aber
rations. In contrast, micronuclei originate only from acentric 



Table I 
Publicariol\ll which report RF-E.'v1F related genoto~ic effects. 

Rderell(% Biological system Genotoltic endpoint 

Aitien et al. (45 I Mouse sperm QPCR and comet IW.IY 

Balode [46) Cow erythro.:ytes Micronuclei (MN) 

Belyuv et al. [·H) Human blood lymphocytes Chromatin condensation 
and S3BPI foci 

Busljela et al. [ 4 S I Rat hematopoietic thsues MN 

d' Ambrosio et a!. [ 49) Human blood lymphocytes MN 

Diem et al. [23] Human cultured fibrobl~ts Alkaline and neutral 
alld rat grmulosa cells comet assay 

Fem:ir1l et al. [ 50 I Rat hematopOietic tissues MN 
uposed during 
embryogenesis 

Fucic eu.l.]l51 Human blood lym~ MN 

Gadhia et al. [51] Human blood lymphocytes Chromosomal abemltioos 
and SCE 

Gandhi and Singh [7} Human blood Jympboc)1es ChrolllOMlmal abcrratiom 

and buccal m~J~X~Sa ceUs andMN 
Gandhi. 2005 [521 Human blood lymphocytes Cornet assay, in ,~,..., 

capillary MN 

Garaj· Vrhovac cUI I SJ I Hwnan blood Jymphucytes Chromosomal abc:muions 
andMN 

Garaj-Vrhovac et al. [~4] Chinese hamstcT cells V79 DNA synthesis by 
(3H)Ihymidine uptake. 
aDd chromosoma.l 
aberrations 

Garaj-Vrhovac ct al.(55) 

Garaj-Vrhovac ct al. [56) 

Haider et al. [57) 

Koyama et al. [12) 

Lai et al. [58) 

Lai and Singh [59[ 

Chinese hamster cells V79 

Hum3ll blood lymphocytes 

Trad~scQlltia ftowtr lluds 
CHO-Kl cells 

Rat lnin cells 

Rat brain cdls 

Chromosomal abemitions 
andMN 
MN 

MN 
MN +kinetochore 
determination 
Comet a.._~ay 

Alkaline comet assay 

Results and oommenu 

Gel electrophoresis rcvea.J.ed no gross cvideno:: of in~ sing]~:- Of douhi~:-DNA strand breabge in spermatozoa. 
However, a detailed analysis of DNA inlegrity u5ing QPCR rcveale.i damage 10 botb the mitoc:hondrial ge00111e 
(p<O.OS) and thcnlll:l~ar-globin locus (p<O.OI). 
The counting of micron~~~:lei in peripheral erythrocytes gave low average inddenc~s. 0.6 per 1000 in the cxpt)sed group 
and 0.1 per 1000 in the comrol. but statistically significant (p<O.Ol) differences were found in the frequency 
distribution between the conuol and exposed groups. 
Dern:a:ie in b;u;kgrovnd levels of 53 BPI foci and may indicate ~ase in a=:""ibiliry of 53BPlto antibodies becau.e 
of stn:ss-induced chromatin condensation. 
Erylhrocytc count. haemoglobin and hacmatocrit were increased in peripheral blood (days 8 and IS). Concwrently. 
anudear ~lls and erythropoietic precursor celb were decreued (p<O.O!i) in the booe manow on day IS. but 
micronuclealed ceUs • (MNCs) frequency v.~ incrused. 
1be micronuclew frequency was not affected by CW exposure; l!owe,·er. a statistically significant micronucleus effect 
w:tS found following exposure to phase modulated field. 
1ne inttrmittent ~posure ~howed a stronger etfect in the comet assay than continuous exposure. 

The imldiated group ~hawed a significant ~ in MN occurrence. 

X·rays and microwaves were preferentially clastogens while vinyl chloride mooomcr showed aneugenic activity as well. 

Microv.'l\'CS pos#.U :wme motlgenic charao:1mstics lypical of cbemica.J mutagens. 
There '"115 a signiliCMI increase fp<0.05) in diantric chrornosornes among mobile uscn ,.ho wm: smoker-alccbolic 
,.. compared to non:unok~r-nonalrobolic. S)'tlcrgistic ac:tion with MMC, SCEs showed a •ignificant increu.; among 

mobile users. 
Increased number of mici"OII\K lcated buccal cells and cytologic.! abnormalities in cultured lymphocytes. 

Mean comet taillmgth {26.76 ± 0 054 mm; 39.75~ of cells dlltlaged) in mobil~ phone liSen wa~ highly significant 
from that in the control group. l1le in vivo capillary blood MNT also revealed high!~ significant (0.25l freq~o:ncy of 
micronuclcated ceUs. 
In all nperimenui conditions. the frcqueocy of all types of chromosomal abem.lions was significantly higher than in 
the control samples. In the irradiated sample:; the presence of dicentric and ring chromosomes w:Ls established. l1le 
incidence of micronuclei was a.lso higher in the ex po5ed samples. 
In comparison wilh the control samples there was a higher frequency of specific cbromosome lesions in cells that had 
betn inadialed. 

Signific:m!ly higber frequency of specific cluomosomc aberr.nions such as dicentric and ring chromosom~ in irradiated 
cells. The presence of micronuclei in irradiatc.d cells con finned the changes that bad occuned in chromosome structure. 
Increase in frequency of micronuclei as "-ell as dis!Ufb3nces in the distribution of cells over the first. second and third 
mitotic division in nposed :r;ubjects compamlto conlrols. 
The n:sults at all eAposun: sites c:Jtcept one were statistically signilkanL 
RF at SAR of 78 Wlkg and higher fonn MN with a panicular inc:Rase nf kinetochore-positive MN and potentiate MN 
formation induced by bleom~cine ~t. 
RFR uposun: si!llificantly incr~d DNA double strand breaks in brain cells of the rat. and the ~ffect w;s.< partially 
blocked by treatment with naltn:xone. 
No effects immediately after 2 h of exposure to pulsed microwavn, whereas a dose rate.dependcnt increase in DNA 
single strand breaks was found in br~in cells of rau at 4 h pos!-cxposure wilh CW and pulsed wavc:s. 
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Lai and Singti(60J Ru brain cells 

Lai and Singh loll RAI brain ceUs 

Lai and Singh (3S) Rll brain ceUs 

LiJ.ia et ~. (61) Human Ieos epithelial cells 

Mae~ ct al. (63 I Human blood lymphocytes 

Mae' ct al. (641 Human blood lymphocytes 

Martovact al. (6~1 Human blood lymphocylcs 

Mashevich ec at. (bOJ !Iuman blood lymphocytes 
Mazor et al. (91 Human blood lymphocytes 

Nikolo\'a et al. (6 7) Moust nestin-positive 
ncund progenitor cells 

Pautraj and 8dwi (61!1 Rll brain cells 
Pavicic and TI'O$ic 113 I V79 cells 

Phillips et aJ. [69) Molt-4 T-lymphoblastoid 
cdls 

Sa.rimov et al. (70) HWIWI blood lymphocytes 

S..tuet al. 1711 Mouse testi5 and bnin cells 

~hwarzetal. t.n) Hum311 cultun:d fibroblasts 
and I y~npbocytes 

sykes et a1. r 221 pKZI mice 

Ttce et al. 1721 Human blood lymphocytes 

1"kai« et aJ. ( 14) Alliwr~ c~pa seeds 

Trosic ct &1. [7)( RAI hematopoietic tissues 

Comttassay 

Comet a.~say 

Comet assay 

Comet assay and BudR 
incorporation 
C'lnomosome aberrations 

Chromo$omaJ 

aberrations. SCE. and MN 

p53 biDding prolrin aDd 

l1UAXfoci 
Chromosomal aberrations 
Aneuploidy rate of Chr. I' 
I. I 0. II. 17 detcnnined 
by intapbase ASH 
Transaipt of specific 
genes and ~ins. 
proliferation. IIJIOPIOSis. 
DNADSB 
Comttaaay 
Alteration of micmtu hlllc 
proteins 
Comet assay 

Otrornatin concknsation 
by 11nomal0115 viscosity 
Restriction pattern af1er 
Hind~t 
Alulinc comet llll$3)' and 
MN 

lacZ transgcnt ii!VU'Sion 

Alkalint comet assay and 
NN 

Gcnnio.ation. mitotic 
ind~. mitotic 
abnonnalities 
MN and polychronutic 
erytb.rocY'O ( PCEs) 

Significaody higher I~Js of DNA single ami double strand bn:U.$. Exposure 10 'noi~' alone did noc !iplicantly affect 
the levels. however. simuiW!eOUi 'ooisc' cllposwc blocktd lllicn:rnvl:-induct.d i~ in D!'iA 1trllld breaks. 
Art increase in DNA ~trand breaks was observed after exposure 10 eilher the pu.bed or cootinuous-wave radlllion. no 
tignilicant difference wu o~rved becwcen the eiTe~u uf the cwo farms of radiacion. 
Trucmcnt immediately before and after RFR CJ.pos~ with eitbel' meluonin or N-IUI-butyl-alpha-pbmylniii'I)M (PBN) 
blocks iDduclion of DSB by RFR. It is hypotbcsizcd that ~ ndicals an: involved in RFR-~ DNA damage in !be 
braiD cdls of rus. 
No DNA breaks at I and 2 Wlt.g but incruse 0 and 30 min afler CJ.po~ 10 3 W/kg. I:Jiposure at 2 and 3 WAg fOf 2 b 
si&nilicantly increased HsP 70 protein but not mRNA e~tprcssion. 
Some C')'!Ogenetic damage wa:~ ob~ined ill vilro when blood s.amples ~Wn very close: to the antenna. 'The queSiionable in 
viW> results (W. maintawx:e wodt:rs) are not coosick:n:d hm:. 
Ma.rtcd incmlsc in the frtquc.ncy of dtromosome abcm.tions (indudins dicentric cluvmosomes and aoeotric ftagmmlS) 
and 19 micronuclei. On the other hand. the microwave CJ.posure did n01 inft~~ rhe cell kinetics nor the 
sisu:r·duumllid-ucballge (SCE) fn:quency. 
MWs from GSM mobile teleplloDa affect chromatin oonformalion aDd !13BP1fganuna-H2AX foci limilar to hut 5bock. 

A litle2r iocruse in chromosome 17 aneuploidy was obSCMld as a fW~ction of the SAR value. 
Increased levels of anruploidy in chromosomes I and I 0 at higher SAR. while for chromosomes 11 and 17 the iru:reues 
were obKrvcd only for the lower SAR. 

Oo9.11-ngul.ation of neur.d·specilic Nwr land up-regulation of bu and GADD4!1 mR.'IJA levels. Shon-tenn RF-EMF 
exposure: for 6h. but not for 48h. resulted in 1low and ll'ai'LSient increase of DNA double strBrui breaU. 

Staaistic~ly r.ipl6an1 (p<O.OOI) in~ in DNA sinJie saud breaks ill brain cells of rat. 
The microtubule urucrure aJI6Cd after .3 h of irrilalion. 

DNA damage deac3sc:d by (I I CJ.posute to tbc iDEN sig!W (2.4 11-W/i for 2 h or 21 h), (2) CJ.PO$ure 10 tbe TDMA signal 
!2.6.,.W/g for 2h and 21 h), ())exposure 10theTDMA sigNI(26)LWfg for 2h),Q~totbc iDENsignal (24JJ.W/g 
fllf 2hJ and 21 h significantly inaused DNA daJnasc. 
Anal )'lis of pooled d.aa from all donors showed statistically significant dfecr or 1-h cKposure 10 NW. Effects differ at 
various GSM fRq uenclc$ and V8J}' between donors. 
As cCitllp&R!CIIO c011U'OI animals. baDd pmems in ellpoted uimal.s - found to be distinetly altered in cbe rmge of 
7-3 kb wtUch was also substanti..sed by densitometric analysis. 
UMTS exposure increased the CTF and induced centromere-negative micronudei in hulllllll cutrured libroblasu ill a 
dose- and time-dependent way. No UMTS effect was obWned wilh lymphocyte~. ~ither unstimulated or stimuiiii.Cd wilh 
phytohemaglutinin~ . -. -· . . . - - - . 

No diffcm1ce between the con110l and ltUtcd group$ in lhe 1- and S-d.ay apo.sure Jr0Up5. but • reductioo in invmiom 
bciOJ>' the spontaneous rrcqucncy in tbc 25-(by exposure group. This SUJSCSU that RF radialioo culcad 10 a 
pernubation in recombination mquency. 
Ellposure fot either 3 or 24 h ¥>itb the unmodulated si&oal did oot induce a siJni!ic:ant inacase in DNA DSB or MN in 
lympbocytes. HOWC\-a, with lhc modulated signal thrn! was a sipific:lllU and rqii'Oducible incre~ in the frequency or 
miavnucleat.ed lymphocytes. 
~mitotic aberrations in root meristematic cella of A.. ffPD· Effects were marltedly clcpendcnt on the field 
frequencies applied as well u 011 field scrcnglh and moduluion. Findinp also indicate thar mitotic effects of RF-EMF 
could be due to impainnenl of the mitotic spindle. 
The iucidence uf tni=uclei/1 000 I'CEs in periphenl blood was si gnilicantly iDCI'I!axd (p < O.()S) ill tht subp'oup 
tllposcd to froiMW radiation •ficT eight imldiation t1atma1ts of 2 h taeb in compuison ..,;th the dlanH:ltposed oontrol 
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Table I (C<>ntituud) 

Reference 

Trmic ct al. [74 I 

TI"'$iC and Busljct.l [7.5 I 

Vijayalaxmi et al. [71>1 

Wu et ai.[J9[ 

Yadav and Sharma [81 

Yaoet al. (401 

Yao ct al. [411 

Zhang ct al. 1711 

Zooi·MIIrtdli et al. 1781 

Zolli-MartcDi et al. 179) 

BioloJical system Gcnoto'ic endpoint 

Rat henu.topoielic tissues MN and polycbromatic 
ery~ 

Ral hematopoietic tissues MN and polychromatic 
and paiphmll blood erythrocytes 
C3HJHeJ cancer prone MN 
mice. peripheral blood and 
~m.a:row 

Human epithelial lens cell$ Comet assay and 
intta(:clJulat ROS 

EAfoliated buccal cells MN in bu~al cells 

Human lens cpilhelial cclh Albline comet assay. 
gamma-H2AX foci. ROS 
level 

Human lens epithelial cells 

Chinese hamster lung cells 
(CHL) 

Human blood lympllocytes 

Human blood lymphocytes 

Alkaline come! assay. 
ylUAX foci. ROS level 

lH2AXfoci 

MN 

MN 

Results and comments 

In polychromatic erythrocytes significant differences (p <0.05) for experimental days 8 and 15. The frequency of 
micronucleated PCF--" wa..• abo signilic:mtly in~ on eJ.perimen131 d.ly IS (p<0.05). 
BMPCEs were increased on day~ II and 15, and PBPCEs were elevatc:d on days 2 and 8 (p<0.05). 

No observed RF effects. A correction was published. staling that there was actually a significant MN increase in 
paipheral blood and bone marrow cells after chronic e,;posure to RF [Vijayalaxmi. M.R. Frci. S.J. Dusch. V. Guel. M .L. 
Meltz. J.R. Jaochem. Radial. Res. 149 {3) (19911) 308[. 
Rf al4 W/lg for 24h significantly i~ in&raccllular ROS and DNA 1bJn.,ge. Botll c;m be blocked completdy by 
electromagnetic no iS(!. 
In ell.posed subjects 9.84 ± 0.745 micronucleatc:d cell.• and IO.n ±0.889total micron.x:lei (TMN) as compared lO zero 
duration of exposure along wilh average 3. 75 ± 0. 774 MNC and 4.00 ± 0.808 TMN in controls. Correlation between 
(}...1, 1-2.2-3 and 3-4 years of exposure and the ffaliiCtlcy ofMNC and ThtN. 
SAR of 3 and 4 Wlkg induced significant DNA damage in the comet assay. while no stari;Lical difference in double strand 
bre.1ls was foond by 'YH2AX foci. Electromagnetic noise COUld block R:F-induced ROS formation and DNA damage. 

DNA damage was significantly increased by comet assay at J and 4 Wlkg. whcn:a.' double strand hreab hy -,H2AX foci 
w~ siplicantly incn::ascd only 1114 W/lg. Signillcaotly increased ROS le.-els were detected in !be 3 and 4 W/kg 
groups. 
Increased percentage of -yH2AX foci positive cell of 1800 MHz RF E.\ff Clposure for 24 h (37.9 ± 8.6%) or 
2-al.-elylamioolluorenc exposure (50.9 ± 9.4%). However. !ben: WIIS no significant ditTen:ncc between !be 
slwn-c,;posurc and RF E.\ff uposure for I b (31.11 ± 8.7'*'>· 
Both spontaneous and induced MN frequmcies \-aricd in :1 highly signifiC:IJlt WJY ;unong dOI!Of'<; (p < 0.009) and 
between experimenb (p<0.002l. and a statistically significant inm:ase of M~. although rather low. was obsc:ncd 
dependent on exposure lime (p =0.0004) and applic:d power density (p=0.0166J. 
"The rc5ults showed for bolh radiation frequencies an induction of micronuclei as compucd to tlte control cultures al a 
pov.er density of 30mWkm2 and after an "JlOsure of 30 and 60mln. 

Abbrcviatioos: Miwmycin C (MMCJ. blromycin (BLM). methylmclhansulfonale (M.\15). 4-nitroquinoline·l .otide (4-NQ I OJ. elh)'lmcthansulfooale (EMS). chromosomal aberration an:alysis (CAl. micronucleus 
assay (MN). reacli~c o~ygen species (ROS). and fluorescence in vitro hybridization (ASH!. 
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Table 2 
PubliuUOIII$ which do 110( repol1 RF-EMF rdal&ld ge!IOCOAic etfccr.s. 

Referen« 

Antonopouloset at. ( 80) 
BclyiiCV Cl al. [lll I 

Bishl et al. (821 

Ch.ng el at.ll!31 
Cianvino et at. [841 

Ganorl et al. (85] 
GorliiZ el &1.(861 

Go5 ct 1.1. (1!71 

Hook el al. (!!!!) 
Juutilainen et al. 11191 

Kertacher et al. [QO) 

Kom.~~uban et al. ('l I) 
Koyama ct al. (92] 

Lagroye et &1. (931 
t.groyc et al. I <J-J I 
Li el al.(95] 
~ otl al. (96) 

Maes e1 al. (97) 

MileS et 1.1. (118] 

Malyapa ct al. (99) 
Malyapact al. I lOU) 
Malyapa et al(\011 
McNamee et al. (1021 
McNamee et ai.(IO~) 
McNamee et al.(I04] 
Meltz cl aJ. (1051 

Onoetal. )I06l 

Biological system 

Human blood lymph~ 
lUI brain. spleen. mel tit)' mus 

Mouse CJH IOT«Il~ 

EKMrichia ~;oli teslet strain 
CHOttlls 

HwnaD blood lymptlocy~s 

86C3FI mice lympbotytes. 
~.and te~tinocytes 

SIICdtllrotnVC~S C"UI'~Ciku 

Moh-4 T lympboblastoid cells 
Female CBAJS mice and KZ 
ft'malc lrSD$genic mice 
CHO a:lls 

Mouse m5S c:dl~ 
CHOcells 

RaJ Min cells 
CJH ICJTI!2cctls 
Murine C3H lOT cells 
Human blood lymphocytes 

Human blood lymphocytes 

Human blood lymphocy~s 

Rat brain cells 
U87MO and CJH IOTI/2 cells 
U87MG aDd CJH IOT1!2 cclls 
Human blood lymphocytes 
Human blood lymph~ 
Human blood lymphocytes 
L'i 178 Y mouse \culr..emic cells 

lacZ-IrlnSgenic mice 

Genotollic endpoint 

SCE 
Cnmctar.J,ay 

MN 

Bacterial mutagenicity (Ames ~st) 

SCE 

CA 
MN 

Mutation rat.cs 

Comet assay 
MN in etj'lhrocytes 

CA 

CA 
MN 

Alkaline comet assay 
Cornel assay, DNA--pt"OU'in '~links 
Comet !Way 
CA.SCE 

CA.SCE 

CA SCE. c-assay 

Comet assay 
Comet assay 
Comet assay 
Comet assay and MN 
Comet assay and MN 
Comet a.~say 
Mul.alion in TK locus 

Muwions at rhc lac !lent' in splc:ea. 
liver. brain and ~$ 

RC$lllts llld CO~Ii 

l"o inc;rease in SCE or <:ell cycle prosression found. 
GSM MWs at 91 S MHz did not induce PFGE.-dcwnblc: DNA double slr&Ddcd 1wt:ab or ctwlgcs 
in chromatin conformation. but afTeaed a~ssion of genes in rat brain cells. 
CDMA (3.2 cw 4.8 W/kg) CJ FDMA (3.2 or 5.1 W/kg) RF-EMF radiation for l . 8. 16 oc 24 h did 
001 result iA a significant increase citbel" iA tbe pm:en~ of binucleat.cd cells wilh micronuclei Of 

in tbc number of mic:ronudci per I 00 billuc~ ceUs. 
No mutllgenic Of co-mutagenic dfCCI "'ilh 4-NQI 0. 
Ra.diofrequcncy eiCCitornagnetic 111diation (I~F-EMF) did nor change the number of seEs that 
WCI'e induoed by adNmycin. 
No RF-EMF clfcn obscocd. 
No visible dJect. 

No ellccu in fluctuation tests on forward muution riles at CAN I. on the frequency of petite 

formation. on 111tC$ of intra<hrornosomal deletion formation. or on ~ of intra-genic 
~oo in !be absence or ~smcc of MMS. 
No Rf·EMF effects observed. 
No effect on MN frequency. 

No al~ "111 Ob:sened in tbc CUCIIt of chromosome abcmitioas iuduc:ed by rilba 
~ltaneoos fro radi•tion aposun: or ~on he:aliJI3 10 equivalent tc:mp:ratures. 
No dfec:t on CA.; temperature increax up to 41 'C at 100 W/'q. 
No MN lncrca.se in cells cAposed to HFEMF at a SAR of lower than SOW l'q • ..-bile those at 
SAR~ of 100 and 200 W/kg ~ signHicmtly hipu wheo compared with tbc ~posed 
COillrOis (~ dfcct). 
Na~di"CC1. 
Nu observed dl"ec:L 
No observed effect. 
Combined ellpo$Ure of RF-E.\-tf mel to MMC and X-nt)'$. Ovcnll, no i.Ddlcation was found of a 
mutagenic. and/or co-mutagcnicl~ effect. 
Combi~ ueatmenu wilh X-rays Of MMC did not provide any inditalion of a s)'t1Cf1isdc ~etion 
between lhc Rf.aff ticlds mel X·rays or MMC. 

- ~alkaline cornet asslly, SCE. IIDd CA leSIS rn'Calcd no evideocc of RF-EMF-induccd gcneac 
dfeccs. No cooperath-c :~~:lion was found between the elccuum:~ptic 6eld ellposure and MMC 
using either lhc comet assay or SCE lest. 

No significant differences observed. 
No significant differences observed. 
No upifiallt ditfetences OOservcd. 
No significant diffaeoces observed. 
No significant differences observed. 
No significant differences observed. 
No effect of RF-EMF alone or in the iaduced: muwn frcqucncy clue IJ;> tbe si mullllleous ellposure 

10 Rf.EMF and proclaim. as compand with the pmtlavio aposuccs alone. 
Mutation frequencies • t dtc" '*=2 sene in splccn.li\"er, brain, and leStis wen: similar to tbose 
obsavcd in non-e.1.poxd mice. 
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Table 2 (Colltinut'd) 

Reference 

Roti Roti et a.L I HJ71 
Sakum~ et al. [ l 081 

Scarfi ct al. 1 109[ 
Speit et al. [24) 
Scmna.ti et a.l. [I to) 

Takahashi et al. [I Ill 
\lcnc;hllcve ct aL [1121 

Vijayalaxmi et al. [I 131 
Vijayalaxmi ct al. [ 114[ 

Vijayalaxmi ct ILl. [115) 
Vijaya.laxmi et al. [ 116[ 

Vijaya.lumi et tl. [1171 

Vijayaloumi et Ill. Ill&) 

Vijaya.laxmi et tl. [ I 191 

Zeni et al. [1:!01 
Zeni et al. [ 1211 

Biological system 

C.lH I 0Tif2 cells 
Human glioblastoma A I 72 cells 

and fetal lung fibroblasts 
Human blood lympllocytes 
Human cultured fibroblasts 
HWIWI blood lymphocytes 

Big Blue mice brain ti~ues 
Rllt bnin illld liver tissues.. 
c:t)1brocytcs 
Human blood lympbocyte5 
Human blood !ymphoc:ytcs 
Human blood lymphoc)1e.• 
HWIWI blood lympbocytes 
Rat bematopoictic tissues and 
ct)11u'ocytes 
Rat whole body and head only 
aj1('S~S. BM el)'throcyte5 
CF-1 male mice. peripheral 
blood and bone marrow 

lluman blood lymphocytes 
Human blood lymphoc:ytes 

Genoto,.ic endpoint 

Transformed f(lci 
DNA strii!M.I breaks (comet ~ay?) 

MN 
Comet assay and MN 
Comet as~y. CA. SCE. MN 

lacZ transgene inversion 
MN (eryWucytes) and cornet assay 

CAandMN 
CAandMN 

Comet asSAy 
CA.MN 
MN 

MN 

M!ll 

Comet assay. CA. SCE 
MN 

Results and comments 

No swistically significant differences observed. 
No statistically significant diO"c:renccs. 

No st:llistical!y significant differences observed. 
No stalistically significant differences observed. 
By compariJOn with appropriate sha.r!H::~~.posed and conlrol sampl~. tiD effect of RF-EMF alooc 

.:ould be found for any of the assay endpoints. lo addition RF-EMF did not modify any mcasmed 

effects of tJlc X ·radiation. 
No statistically signiticruu differences observed. 
No gc:nolo,i<: cffec1 of RF·EMF alone. Co-c'posures to MX md RF-EMF radiation did not 

si.gnificantly incrca<e the rc.•JIOilSC of blood.li\-et and brain <:ells oompared to MX nposUTe only. 
No ob5avl:d RF-EMF cffc:o:u. 
No observed RF-EMF effects. 
No observed RF-EMF effects. 

l"o observed RF·EMF effc:o:u. 
1'\o observed R F-E.\-W effects. 

No observed RF-EMF effects. 

No obsctved RF·EMF effects. 

No ob5erved RF-EMF cffeo;ts. 
No observed RF-EMF cffcc1s. 

AbbTe\iatioos: Chromosomal aberration analysis (CA). tru:tholn:ul (MX). mitomydn C (MMC). 4-n.iuOIJinoline-1-oll.idc: (4-NQIO), methylmcthansulfonate (MMS). code di~i.sion multiple a= (COMA). 
frcquenq division multiple acce$S (FDMA), and time division multiple access (TDMA). 
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Table l 
Publications wbieb report synergU:tic RF-EMF efferu in eombination wilh Olher genoiOJUcants. 

Referax:e 

B~ ct a!. I 1221 

Baohong ct al. [ 123] 

Kimctal.ll24) 

Macseul.[1251 
Macs cc al. (l26l 

Muni cc al. I Ill 

W111g et al. 1127) 

Wang cui. [ 128) 

Zhang et aJ. 11291 

Cknoto~:ic agents 

MMC. BUt MMS. 4-NQ\ 0 

2S4nmlNC 

Cyclopbospbunidc. 4-NQJO. 
EMS 

MMC 
MMC 

Pm·ious 4 Gy X-ray radiation 

ll4M'l uvc 

M.\tC. BL\t, M.\tS. 4-NQIO 

MMC 

Biologiclll sysaem 

Hum&D blood l)11lpboc:ytcs 

Hum311 blood lymphocy~es 

l.S178Y mous.c: lymphoma 
eeJis (comet assay) and CHL 
cells (CA) 

HUDW~ blood lymphocytes 
H11111:1n blood lymphocytes 

Human bloud lympbocyte3 

Human blood lympboc:ytcs 

Human blood lymphoc:yta 

Hum:111 hlood Jympllocytes 

Cknocollic endpoint 

Albline (()met assay 

Alkaline comet usay 

Alkaline comet as~y and CA 

SCE 
CA. SCE. ~met a.~~y 

Ou-omosomc abctrali.oo by 
FISH 

Cometa5Say 

Collld assay 

Results and ~m~ts 

I.SGHz RFR ISAJl l W/q) rar2b did llO( induce DSB. llwcouldclllwtce 
lbe bamu lymphocyle DNA damacc effects induced by MMC &lid 4-:-IQ I 0 . 
The syneflistic DNA dam.gc effects wilh BLM oc MMS wen: not obvious. 
RF eltposurt for 1 . .5 and 4 h did not enhance significantly human lymphocy1e 
DNA damage, but could reduce and inausc DNA ~gc of human 
I~ induced by UVC 11 I .S and 4 b incubation respccti~y. 
No direct cytoccoctic effect of RF alonr or in combination witb 
cyclopho•ph&midc or 4-NQ I 0 was found iD theCA test md in !be comcc 
assay. However, RF had a potenti<lting effect in combination with 
cycWpbospl\atnidc or 4-NQIO. 
S)'Dt~EisUc df«t was ob5crvcd -Mih MMC. 
Tbe oombined cJ.posure of the oclls to che radiofrequency fields foiiOY<Cd by 
!heir cu.ltiVIIUon in the pmencc of mitomycin C revealed a W!l) weak effect 
when compared to cells CJ~;posecl to micomyc in C alone. 
No sig.nific:ltlt Vllfiations due to the UMTS eJ.~urt! in !be fr3Ction of aberrant 
cells, but frectltctlCY of Dclwlgcs pet c:tll in X-ray irradiated cells wu 
signiliC311tly increased by UMTS a1 2 Wlltg. 
RP did not induce DNA dlmagc but reduced o r enhanced DNA d.amaae by 
UVC at IS or 4.0h ~vely. 

RF did nac induce DNA clamage but enhanced DNA ciamaJc induced by MMC 
and4-NQJO. 

Comet assay, micronudeu5 No RF-induced DNA and chromosome damage, but inc:reased MMC DNA 
assay . d:image by RF iiicomct ass.ay. . 

AllbrcvUtions: Micomycin C (MMC). bleomycin (BLMJ. mcthylmcthanslllfonatr (MMS ). -4-oitroquiooline-1-()J.idc ( 4-NQI 0), elhyi.Jnethansulforw.c <EMS), chromosomal abcmuion analysis (CA). lluorcstt~ 
i11 vitro Rybridir.at.ion lASH). 
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frugmcnts of chromosome~ or from lagged chromosomes sec
ondary to mitotic non-disjunction, the Iauer being detected by 
indirect immunoHuorcsccncc using kinetochore antibodies. 
Kinetochore-positive MN arise by epigenetic mechanisms 
(disturbances of the spindle appamtus). Kinetochore-negative 
MN arise from acentric chromosomnl fragments. This is 
an impoltlnt distinction, but has been performed in a few 
RF-EMF studies only, of which only one [ 12 [ reports an 
increase of kinetochore-positive MN albeit after a high 
SAR ~ 78 Wlkg. Two studies describe RF-EMF-induced dis
turbances of the spindle appm~tus [13.14 J, and one reports an 
aneugenic RF-EMF effect on the basis of the size distribution 
of MN [ 15 I. Of a total of 39 studies using the micronucleus 
IISsay 22 are MN-positive, and 17 MN-negative. 

SCEs are anaJysed in metaphase chromosomes after two 
rounds of replication in the presence of 5-bromodeoxyuridine 
(BUDR). SCEs. which are induced during the S-phase or 
the cell cycle. repre~>ent an exchange between homologous 
chromatids, an event which by itself is genetically neullal. 
Nevertheless il is considered to reflect a recombinational 
repair of DNA double strand breaks (DSB). and m.:ay there
fore serve a.~ an indicator of genotoxic stress. Of 10 studies 
using SCE a GT(+) effect was reported in one only, 8 were 
negative, and one study reports RF-induced enhancement of 
genotoxicity by mitomycin C. 

3. DNA frugmentalion 

The comet assay. also known as 11. "Single Cell Gel elec· 
trophoresis assay" (SCG). and the detection of gamrna-H2AX 
foci are the most frequently used techniques to study RF
EMF-induced DNA strand breaks. The comet assay uses 
interphase nuclear DNA. which is unwinded under alkaline 
conditions and subsequently subjected to an electric field. 
Here DNA fragments migrate towards the anode, thereby 
forming a comet-like tail 116.171. The alkaline comet assny 
detects DNA single strand as well as double strand breaks. 
but is not applicable in the presence of DNA crosslinking 
agents [18 I. These hrcah may occur not only by toxic influ
ences but also by transcriptional and repair processes and by 
alkali-sensitive sites. Therefore this frequently used and very 
sensitive assay has a poor specificity. Of 41 studies using the 
comet assay 15 report comet-positive and 19 comet-negative 
results after RF-EMF exposure. RF-EMF enhancement of 
comet assay effects caused by other genotoxic agent~ is 
described in 7 studies. 

Out of a multitude of DNA damage checkpoint proteins 
two have been used to detect DBS: H2AX., a member of the 
nuclear histone family 1191, and PS3 binding protein (538 PI). 
Both are rapidly phosphorylated only minutes after DNA 
damage lllld ore lhen gathered in the vicinity of DNA double 
strand breaks. Here they form foci which can be visualjzed by 
indirect immunoftuorescence [20.21 ]. These foci represent an 
initial and specific step in the repair process of exogenously 
induced DNA double strand breaks. It is important to real-

ize, however, that repair processes of DSB arc quantified. not 
DSB themselves. The method has been employed in 4 stud
ies. predominantly using the yH2AX foci test. In all instances 
GT(+) effects ha\·e been detected. 

DNA alterations have also been analysed by the anoma
lous viscosity time dependency test (AVTD. I GT(+) study). 
detecting conformational changes. and by quantitative PCR 
(QPCR. I GT(+) study) detecting structural changes in the 
DNA. 

4. Gene mutations 

In this category 6 studies have been perfonned using 4 dif
ferent endpoints: (I) Altered restriction fragments (1 GT(+) 
study). (2) lacZ inversion in transgenic mice. This method has 
been used in 3 studies which nil failed to detect an increased 
rate of inversions. but one found a reduced rate as compared to 
unexposed controls [221. which is interpreted as a RF-EMF
induced reduction of recombination repair. (3) Mutation at the 
thymidine kinase (TK) locus (I negative study). (4) Bacterial 
his- reveltlnts (Ames test, I negative study). 

5. Discussion 

The large number of contradictory result~ among the 101 
published studies on a genoto:~tic action of RF-EMF is tan· 
gling. Nevertheless patterns can be perceived. GT(+) as well 
as GT(-) findings have been reported at a standard absorp
tion ratio (SAR) below 0.05 up to I 00 W /kg and an exposure 
of 15 min and 48 h in vitro, and between hours and years in 
vivo. The outcome of studies was nearly independent from 
RF frequencies between 300 and 7700 MHz and the type of 
RF signal. either continuous wave (CW) or pul~>e-modulated 
(PM). GT(+) was obtained in 15 CW and 26 PM exposures. 
GT(-) in 14 CW and 27 PM exposures (some studies did not 
indicate the type of signal used). Conttildictory results have 
been obtained even when two experienced groups perfonned 
the same ex peri mcnts using the same cells and identical expo
sure conditions [23.24). This may reflect a gcncrnl problem 
of genotoxic studies being dependent on a multitude of fac
tors which are difficult to control[25). Some of the studies 
exploited here have shortcomings with respect to incom
pletely described or unreliable exposure conditions and/or an 
inadequate experimental design. Even a considerable publi
cation bias in favour of negative results has been suspected 
( www.microwavenews.corn!RR.htm I, 2006) [26 ). 

The proportion of GT(+) effects is much higher in vivo 
(23/40) than in vitro (29n7). (Since some studies have 
been performed on more than one biological system, the 
total number of GT( +) and GT(-) effects exceeds the total 
number of published studies.) Considering all genotoxic 
endpoints applied. the frequently u~>ed parameters chromo
some analysis (9/21 GT( + )), comet assay ( 15/41 GT(+ )). and 
sister-chromatid-exchange (Ill 0 GT( +)) showed the highest 
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proportion of negative results, while the micronucleus assay 
yielded more positive than negalive results (22/39 GT(+)). 
Since the SCE test which was negative in nearly ll11 cases is 
known to be rather insensitive to radiomimetic (clastogenic) 
agents it can be speculated, that a clastogenic mechanism is 
involved in RF-EMF genotoxic action. 

Epigenetic influences may also conlribute to gcnoto7\icity 
as demonstrated by RF-EMF-induced chromosomal non
disjunction and disturbances of the mitotic spindle. This is 
in agreement with the higher proponion of 22139 GT(+) 
findings among studies using the micronucleus assay as com
pared to those using CA, because some of the micronuclei 
may represent lagged chromosomes. Epigenetic mechanisms 
may also be effective after a combined exposure to RF-EMF 
and various physical or chemical mutagens (Table 4). RF
EMF preferentially enhanced the genotoxic effect of 4-NQ 10 
(414), MMC (418), UVC (2/2), and cyclophosphamide (212). 
No synergistic effect was obtained using MMS and EMS 
(3/3), BLM (212). and adriamycine (2/2). Only one out of 3 
studies reponed a syne~gistic effect with X-rays. 

Cells and tissues of different origin exhibit a clearly vari
able sensitivity for genotoxic RF-EMF effects (Table 4). This 
has also been observed with extremely low frequency (ELF)· 
EMF [271 and may be dependent on genetic differences [28). 
GT(+) effects of RF-EMF were reported predominantly in 
the following biological systems: human lens epithelial cells 
(4/4), human buccal mucosa cells (212). rodent brain tissues 
(8/13). and rat hemopoietic tissues (5n). GT(-) results have 
been obtained with mouse permanent cell lines (7n) and 

Thblc4 
Distribution RF-EMF effect~ in 101 published iludies. 

In vitro (all cells and li!i~>UCs) 
Human blood lymphocytc:s 
Hunan lens epithelial ccll5 
Human cultured fibroblasts 
Human alioblutoma cella 
Human lympboblastoid cells 
Mouse permanent cell lines 
Mouse lymphoblastoid cells 
Chin~ lulnuter cells (CHO. V79) 
E. coli 
Yeast 
Ralgranu los a cells 

In vi••o (all species and tissues) 
Human blood lympllo<.')'~> 
Human buccal mucosa cell• 
Mouse sperm 
Mouse brain tissues 
Mou.sc polyc hromalic erylhrocyles 
R .. brain liuucs 
Rat hemopoietic tissues 
llalsplec:n, li vu 
lai:Z.cransgenic mice 
Plan Ill 
Cattle polychromaLic erythrocytes 

RF-EMF effects 

Posilive 

29 
\8 
4 
2 

4 

2J 
4 
2 
I 
2 

6 
s 

permanent lymphoblastoid cells of various origin (7n). This 
is in a striking analogy to RF-EMF-induced reduction of 
ornithine decarboxylase activity being detected in primary 
but not in secondary neural cells [29). 

6. Proposed mechanisms of RF -EMF genotoxicity 

Cells are unusually sensitive co electromagnetic fields 
(301. Weak lie: Ids rru~y accdcrnte e lectron lnln.Sfer and thereby 
destabilize the H-bond: of cellular macromolecules. This 
could explain the stimulation of transcription and protein 
expression. which has ~n observed after RF-EMF exposure 
[31.32). However. the energy of weak EM fields is not suf· 
ficient directly to break a chemical bond in DNA. Therefore 
it can be concluded, that genotoxic effects are mediated by 
indirect mechanisms as 'microthermal processes, generation 
of oxygen rooicals (ROS), or a disturoance of DNA-repair 
processes. 

6.1. Thermal ~ffects 

An increase of temperature in the culture medium of 
RF-EMF exposed cells has been observed at very high 
SAR levels only (12). The vast majority of GT(+) studies 
were conducted at SAR < 2.0 not leading to a detectable 
increase of temperature in the culture medium. Moreover, 
similar or larger effects have been observed at a 5' on/10' 
off intermittent exposure (23.33], a result that contradicts a 

39 
23 

2 
3 
2 
6 
I 
2 

17 
2 

4 

4 
2 
2 
3 

Syne!J)slic c!Tccu 

Positive 

9 
8 

0 

II 
4 

I 
1 
3 
2 

Since several published studies have u~cd more than I biologicalsySICm the total of negative and pooitive e!Tcclll cJtcccd>lhe number of 101 publications. 
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simple temperature-based mechanism of the observed gena
toxic action. However, experimental results with microwave 
absorption at colloidal interfaces have demonstrated that the 
electric absorption of microwaves between I 0 and 4000 MHz 
goes through a maximum with the size of bride droplets> 100 
and <IO.OOOnm, and depends on the type of ions and their 
concentrations [34[. This local absorption of microwaves may 
therefore lead to a considerable local heating in living cells 
during low energy microwave exposure. 

6.2. Oxygen radicals 

There is evidence that RF-EMF may stimulate the for
mation of reac1ive oxygen species in exposed cells in vivo 
[35-37[ and in \'itro [3!!-41[. Free oxygen radicals may form 
base adducts in DNA, me most important lesion being 8-
0HdG, and oxidize also oilier cellular components, such 
as lipids leaving behind reactive species, that in tum can 
couple to DNA bases [42). The first ~tcp in lhe generotion 
of ROS by microwaves is mediated in the plasma mem
brane by NADH oxidase (43[. Subsequently ROS activates 
matrix metaJJoproteases (MMP). thereby initiating intra
cellular signalling cascades. It is interesting to note that 
these processes sturt within .5 min of radiation and at a 
very low field intensity of 0.005 W/cm2. Moreover, higher 
effects have been obtained by intermittent radiation, when 
cells were left unirradiated for 10 min. This is in agree
ment with in vitro genotoxicity studies using the comet assay 
[23.33/. 

6.3. Altnation of DNA-repair processes 

A considerable proponion of studies have investigated 
the consequences of a combined exposure to RF-EMF and 
various chemical or physical mutagens. 8112 studies using 
human blood lymphocytes have demonstrated that RF-EMF 
enhanced the genotoxic action of other agents, preferentiaHy 
of UV, MMC. or 4-NQ 10 (an UV-mimetic agent). Since in 
all these experiments microwave exposure failed to induce 
detectable genotoxic effect by itself, an interference with 
DNA-repair mechanisms has been postulated, however, there 
is no direct experimental proof yet. An alteration of recom-. 
binational repair has also been proposed by Sykes et al. 1:!21 
as an explanation of the reduced rate of inversions in IneZ
transgenic mice after RF-EMF treatment. 

An influence of microwave exposure on DNA-repair 
processes has long been proposed for power frequency 
electromagnetic fields [.'51. A recent epidemiological inves
tigation into the frequency of polymorphisms of DNA-repair 
genes in children with acute leukemia living in me vicinity 
of power line transformers [44) emphasizes the significance 
DNA-repair impainnent for an EMF related increase of 
this malignancy. There was a significant gene-environment 
interaction (COR = 4. :H) between the electromagnetic field 
intensities and a less active genetic "ariant of XRCCI, a 
crucial enzyme in base excision repair. 
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Abstrad 

Microwaves were for lhe first time produced by humans in 1886 when 1'3dio waves were broadcasied and received. Until !hen microwaves 
had only existed as 11 pMt of the cosmic ba.ckground radiation since lhe birth of universe. By the ' following utilizution of microwaves in 
telegraph communication, radars, television and above all, in the modem mobile phone technology, mankind is today exposed to microwaves 
at a level up to I ()20 times the originaJ background radiation since the birth of universe. i 

Our group has earlier shown that the electromagnetic radiation emincd by mobile phones alters the permeability of the blood-brain barrier 
(888), resulting in albumin e11travasation immediately and 14 days after 2 h of exposure. I 

In the back pound section of this report. we present a thorough review of the literature on the demonstrllted effects (or Jack of effects) of 
microwave e11posurc: upon the BOB. : 

Furthc:nnore. we have continued our own studies by investigating the effec;ts of OSM mobile phone radiation upon the: blood-brain bamer 
permeability of rats 1 days al\er one occasion of 2 h of exposure. Forty-eight rats wc:rc: expoied in TEM-cells for 2 h at non-thermal specific 
absocption rates (SARs) of OmW/kg, 0.12 mW/kg. 1.2 mW/kg, 12mW/kg and 120mW/kg. Albumin e11travasation over the 888. neuronal 
albumin uptake and neuronal damage were assessed. 1 

Albumin e11travasation was enhanced in the mobile phone: ell.poscd ralS as compared to sham controls after this 7-day recovery period 
(Fisher's c:uct probability test,p=0.04and Kruskal-Wallis,p:0.012), atlhe SAR·value of llmWtkg (Mann-Whitney,p:0.007) and with 
a trend of increased albumin extravasation also at the SAR-valuesof0.12 mW!kg and 120 mW/kg. There was a low, but significant correlntion 
between the c:11posurc level (SAR-value) and occurrence of focal albumin extravasation (r, = 0.33; p.;. 0.04). 

The present ftndings are in agreement with our earlier studies where we have ~n increa.~ BBB penneability immediately and 14 days 
after exposure. We here discuss the present findings as well as the previous results of altered BBR penneability from our and olher laboratories. 
Q 2009 Elsevier Ireland Ud. All righrs reserved. I 
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I 
I. Introduction: radlofftqutncy radiation aud the 
blood-brain barrier I 

I 

Today about half ofl the world's population owns the 
microwave-producing mobile phones. An even larger num
ber is exposed to the radiation emitted from these devices 
through "passive mobile phoning" (I). Life-long exposure 
10 the microwaves (M~s) from mobile phones, with start 
already at a young age, ,is becoming increasingly common 
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among the new generations of mobile phone use~. The ques
tion is: to what extent are living organisms affected by these 
radio frequency (Rf) fields? 

The mobile phones are held in close proximity to the 
head, or within a metre of the head when hands-free sets 
are used. The emined microwaves have been shown to have 
many effects upon the manunalian brain; e.g. alterations of 
cognitive functions [2.3[. changes of neurotransmitter levels 
such as decrease of cholinerxic activity [ 4], gene expression 
alterations in cerebellum [5], cortex and hippocampus [6), 
and impact upon the brain EEG activity [7]. Also, the human 
brain EEG beta rhythms energies were increased by exposure 
to450 MHz MWs modulated at different low frequencies [8). 
Recent epidemiological studies also indicate that long-term 
exposure increases the risk of not only for benign vestibu
lar schwannoma (previously named acoustic neurinoma) [91, 
but also mnlignant glioblastoma multiforme [ 101 for mobile 
phone use longer than I 0 years and with cumulative exposure 
from mobile phones exceeding 2000 h. 

II has been shown that electromagnetic fields (EMFs) 
increase the permeability of the blood-brain barrier (BBB) 
(for reference see (II J). The BBB is a hydrophobic barrier, 
formed by vascular endothelial cells of the capillaries in the 
brain, with tight junctions between these endothelial cells. It 
protects the mammaJian brain from potentially harmful com
pounds in the blood. Also, perivascular structures such as 
astrocytes and pericytes as well as a bi-layered basal mem
brane help maintaining the BBB. 

The current recommendations for limits of exposure to the 
general public for EMF radiation 112 I are set in order to avoid 
thermaJ effects upon the brain parenchyma. 

In our previous studies we have seen that non-thermal RF 
fields cause significantly increased leakage or the rats' own 
albumin through the BBB of exposed rats sacrificed immedi
ately after the exposure, as compared to sham exposed control 
animals (11.13-181. Two hours of exposure to the radiation 
from n global system for mobile communications (GSM) 
phone at 915 MHz, at non-thermal spedlic absorption mtcs 
(SAR) vaJues of 0.12mWikg. 12mW/kg and 120mW/kg, 
gives rise to focal albumin extrnva.<;ation and aJbumin uptake 
into neurons nlso 14 days after exposure, but not after 28 days 
[ I 9 1. Significant neuronal damage is present 28 days [191 and 
50 days after exposure [ ~01. but not after 14 days [ 191. Also. 
in experiments from other laboratories. BBB permeability is 
increased in connection to mobile phone exposure [:!1-231 
and other kinds of EMF such as magnetic resonance imaging 
(MRI) exposure 124-26]. In other studies. no such BBB alter· 
ations have been demonstrated in connection to mobile phone 
exposure [27-291 or other kinds of EMF e:tposure [30.31 ). 

1.1. The blood-brain barrier 

An intact 888 is necessary for the protection of the mam
malian brain from potentially hannful substances circulating 
in the blood. In the normal brain, the passage of compounds 
over the BBB is highly restricted and homeostasis within 

the sensitive environment of the brain parenchyma can be 
maintained. 

The BBB is formed by the vascular endothelia) cells 
of the capillaries of the brain and the glial cells wrapped 
around them. The tight junctions, that seal the endotheliaJ 
cells together. limit paracelluiM leakage of molecules. A 
hi-layered basal membrane supports the ablumenal side of 
the endothelial cells. The glial astrocytes, surrounding the 
surface of the basal membrane cells, are important for the 
maintenance, functional regulation and repair of the BBB. 
The protrusions of the astrocytes, called end feet, cover the 
basal membrane on the outer endothelial surface and thus 
form 11 second barrier to hydrophilic molecules and con
nect the endothelium to the neurons. Twenty-five per cent of 
the ablumenaJ membrane of the capillary surface is covered 
by pericytes (32], which are a type of macrophages. Seem
ingly, they are in the position to significantly contribute to the 
centraJ nervous system (CNS) immune mechanisms [33[. 

The physiological properties of the CNS microvasculature 
are different from those of peripheral organs. The numbers 
of pinocytotic vesicles for nutrient transport through the 
endothelial cytoplasm are low and there are no fenestrations. 
Also,there is a fivefold higher number of mitochondria in the 
BBB endothelial cells as compared to muscular endothelial 
cells [34). 

In a functioning BBB. the membrane properties control 
the bidirectional exchange between the general circulation 
and the CNS. Water, most lipid-soluble molecules, oxygen 
and carbon dioxide can diffuse from the blood to the nerve 
cells. The barrier is slightly penncable to ions such as sodium, 
potassium and chloride, but large molecules, such as proteins 
and most water-soluble chemicals only pass poorly. However, 
when this barrier is damaged, in conditions such as tumours. 
infarcts or infections, also the normally excluded molecules 
can pass through. possibly bringing toxic molecules out into 
the brain tissue. The selective permeability is disrupted tem
porally in cases of epileptic seizures !35.361 and severe 
hypertension [371. The result of this can be cerebral oedema, 
increased intracranial pressure and irreversible brain damage. 
Also, tmdc substances from the blood circulation now reach 
out to the neurons. Even transient openings of the BBB can 
lead to permanent tissue damage [37]. 

1.2. The earliest :;tudies on the effects ofmicrowa~·e 
exposun> 

The first studies on the MW effects upon the BBB were 
reponed in the 1970s, when lhe radiation from radars and 
MW ovens were considered to be possible health threats. 
Increased leakage of fluorescein after 30 min of pulsed and 
CW exposure /38) and passage of t4c-mannitol, inulin and 
dextran at very low energy levels (39) were reported. The 
permeation of mannitol was found to be a definite function of 
exposure parameters such as power density, pulse width, and 
the number of pulses per second. Also, the BBB permeabi lily 
depended on the time between the EMF exposure and the 
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sacrifice of the animaJs, with more pronounced effects seen 
in the animals sacrificed earlier after the EMF exposure. In 
attempts to replicate the findings of Oscar and Hawkins [39], 
however, these results were not found (40,41]. Similar Jack of 
MW induced 888 effects, was reponed by Ward et aJ. (42] 
after exposure of rats to CWs at 2450 MHz; Ward Md Ali 
[43]Dfter exposure 11t 1.7 GHz; and Gruenau et aJ. [44] after 
exposure to pulsed orCW waves at I .8 GHz (including totaJiy 
31 raiS). On the other band, Albert and Kerns (45) observed 
EMF-induced BBB penneabilicy after exposure at 2450 MHz 
CWs, with M increase in the number of pinocytotic vesicles 
among the irradiated Mima1s, but after a recovery time of 
1- 2 h, the penneation was hardly detectable Mymore. For 
details concerning the EMF exposure parameters in these 
studies, see [I 1]. 

I.J. MRI exposure 

MRI entails a concurrent exposure to a high-intensity 
static fie ld, a RF field Md a time-varying magnetic field. 
ln connection to the introduction of the MRI technique, the 
effects of c~~:posure co these kinds of fields upon the BBB 
penneability were investigated. 

As mentioned above, Shivers et al. [241 observed that 
the EMF exposure of the type emitted during a MRI pro
cedure resulted in a temporarily increased 888 penneability 
in the brains of rats. Through transendothelial channels. a 
vesicle-mediated trunsport of horseradish peroxidase (HRP) 
took place. Replications of the initial findings by Shivers et 
4.1. [24) were made by Garberet at. [46), whereas Adzamli et 
at. (301 and Preston et al. (JI I could not repeat the findings. 

Arter some yean. quantitative suppon of the findings 
by Shivers el al. (241 was presented by the same group 
(25,26].1n rots exposed to the MRI, the BBB permeability to 
DTPA (diethylenetriameninepentaacetic acid) increased. A 
suggested mechanism explaining the increased penneability 
was a stimulation of endocytosis. made possible through the 
time-varying magnetic fields. 

Also our studies supported the ftndings of the Shiver-Prato 
group; seeing that 888 permeability to albumin WIIS 

increased after exposure to MRJ radiation [ I 3J. The most 
significant effect was observed after exposure to the RF pmt 
of the MRJ. 

1.4. Srudie:s on mobile phone expo:surt 

The mobile phone induced effects upon the BBB perme
ability is a topic of importance for the whole society today. 
We have previously found an increased BBB permeability 
immediately after 2h of mobile phone exposure (14). and 
also after 14 days I 19) and 50 days 120]. 

Repetitions of our findings of incn:a~ed BBB pertnA:abil· 
ity after mobile phone exposure have been made [47.21.22). 
Four hours of GSM-900 MHz exposure at brain power den· 
sitics ranging from 0.3 to 7.5 W /kg resulted in significantly 
Increased albumin e~~:travasation both at the SAR-value of 

7.5 Wlkg, which is a thelmaJ effect, but also at 0.3 W/kg Md 
1.3 W/kg (471 (stalisticaJ evaluations discussed by Salford et 
al. I I]). Albumin extravasation was aJso seen in rats exposed 
for 2 h to GSM-900 MHz at non-thermal SAR-values of 0.12. 
0.5 and 2 W /kg using fiuorescdn-labdled proteins 121 .221. 
At SAR of 2 W/kg a marked BBB permeabili:mtion was 
observed. but also at the lower SAR-value of 0.5 W /kg, per
meabilization was present around intracranial blood vessels. 
However, the extravasation at 0.5 W/kg was seen at a lesser 
extent as compared to ttlat seen at 2 W/kg. Subgroups of the 
ruts included in these stu'dies were sympathectomised, which 
means that they were in a chronic inflammation-prone stale 
with increased BBB opening due to changes in the structures 
of the blood vessels. Interestingly, the sympathectomised rats 
exposed to GSM rudiation had a remarkable increase of the 
BBB leakage as compared to their sympathectomised sham 
controls. From these findings it seems likely that an already 
disrupted BBB is more sensitive to the RF fields than an intact 
888. l 

In another study. the,uptake of rhodamine-ferritin com· 
plex through the BBB ~as investigated (23). In this study, 
increased BBB permeability was clearly seen at exposure 
levels of 2 W /kg and dUrutions of 30-120 min. When the 
rats were pre-treated ~ith colchicine, the EMF-induced 
rhodamine-ferritin uptake was however blocked. Colchicine 
is well-known for its inhibition of microtubular function. 
Jl was concluded that the microtubules seemed to play M 
importu.nt role for the 888 opening. 

Lack of EMF-inductd BBB alterations has also been 
reported 127-29.48). ln a small study including only 12 EMF 
exposed animals, no albumin extravasation was seen. nei
ther after 2 nor 4 weeks of I h of daily exposure (average 
whole-body exposure at 0.25 W/kg) 127]. In a study includ
ing 40 animals, Kuribayashi et al. [281 concluded no BBB 
alterations was seen o.tter 90 min of daily EMF exposure 
for 1-2 weeks at SAR-vaJues of 2 or 6 W/kg. Finnie et al. 
129] exposed mice for I h daily. However, only the SAR
value of 4 W /kg, which is above the ICNIRP limit [ 12 ), was 
included. In a further study by Finnie et al. (48] 207 mice 
were exposed for 104 weeks nt SAR-values of0.25-4 W/kg, 
however without any observable effects upon the BBB perme
ability. The same group also reponed that the immature BBB 
was insensitive to mobile phone exposure. seen after GSM-
900 radiation exposure of pregnant mice from day I to day 
19 of gestation (SAR of 4 W/kg, exposure for 60 min daily). 
No increased a)bumin extravuation was seen in the new-born 
mice immediately after p'anurition (49) and the same lack of 
GSM-900 radiation effeCts upon the BBB permeability was 
reponed for young rats by Kumlin et al. {50), however, in 
this case only 12 out of totally 48 exposed rats were Malyzcd 
histopathologically. The remaining rats were subject to mem
ory tests. where an improved learning and memory was seen 
in the EMF exposed rats as compared to the sham controls. 
Notably, in all these studies. the SAR·values for exposure are 
relatively high; never including the low SAR-values below 
200mW/kg. 
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Fig. I. Albumin neuronal uptake and early neuronopatlly in tile hippocampal 
pyramidal cell row among normal neurons. Albumin: cresyl violet, >< 20. 

In more recent years. in \'itro models have been increas
ingly applied to investigate the BBB; in one of these. it was 
shown thai EMFs a1 1.8GHz increase the permeability to 
sucrose [51). After modifications of the BBB model to one 
with higher tightness, however. the same group could not 
replicate their initial findings [52]. With application of the 
EMF of the kind emitted from 3G mobile phones, the same 
group further concluded that their in vitro BBB model also 
did not alter its tightness or transpon behaviour in coMection 
to this type of exposure [53]. 

I .5. Neuronal damage in connection to mobile phone 
exposure 

In our previous studies of animals survtvmg u longer 
period after the exposure, we have evaluated the occurrence of 
neuronal damage extensively 119,20]. This neuronaJ damage 
is seen as condensed dark neurons. Dark neurons have been 
proposed to have three main characteristics [54): (i) irregu
lar cellular outlines. (ii) increased chromatin density in the 
nucleus and cytoplasm and (iii) intensely and homogenously 
stained nucleus. 1\~tenty-eight days after 2 h of mobile phone 
exposure. the neuronal damage was significantly increased in 
the exposed rats as compared to the sham exposed controls 
[19 ). Also 50 days after the same kind of mobile phone expo
sure,lhere was an increased occurrence of neuronal damage 
[20]. 

In our studies, normal neurons have been shown to have 
increased uptake of albumin (19) (Fig. I). Also, in dark neu
rons this neuronal albumin uptake can be seen (Fig. 2). In our 
previous studies, damaged neurons were seen in all locations, 
intenningled with nonnal neurons especia1ly in the conex, 
hippocampus and basal ganglia. The damaged neurons were 
often shrunken and dark staining, homogenized with loss of 
discemable internal cell structures (Fig. 3). Some damaged 
neuron!'. showed microvacuoles in the cytoplasm (Fig. 4). 
These vacuoles are a sign of severe neuronopathy. indicat
ing an active pathological process. There was no evidence of 
haemorrhages or glial reaction. 
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Fig. 2. Shrunken homoscnizcd dark neurons witll brownish discoloration 
due to uptake of albumin, interspersed among nornual neurons in the 
hippocampal pyramidal cell row. Albumin: cre~yl violet, >< 20. (For interprc· 
t.llion of tile reference~ to coiOJ in this ligure legend, the ~r is referred 
to tile web veni on of I he article. J 
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Fis. 3. Two dask neurons in the hippocampal p)·r11111idal cell row. Albumin: 
cn:sy\ violet, "20. 

• ~·. 

Fig. 4. Dan neuron in the hippocampal pyramidal cell row, with homoge· 
nized nucleus and cytoplasm with a ~acuo\e. Higher magnification of pan 
of the Hgure. Albumin: cresyl violet, x40. 
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Dark neurons are reponed in clinical and experimen· 
tal neuropathology from living tissues, but not in autopsy 
material unless the post-monem period is sbon. This could 
indicate that the formation of dark neurons is an active pro· 
cess that requires living neurons and that these cells must be 
reasonably intact [55). This could be in accordance with our 
findings from the 50-days survival animaJs, where apoptosis 
could not be de~ in any of the RF EMF exposed brains 
with application ofCaspase-3 (56J. 

Dark neurons occur not only afterGSM exposure ( 19,:!01 
but also in connection to experimental ischemia [57), hypo
glycemia [58} and epilepsy (59 I. Possibly, dark neurons could 
be artefacts, having a pressure-derived mechanical origin. as 
has been shown for conical biopsies (this is less likely consid
ering the a traumatic method of dissection used here including 
fixation before handling and in vic:w or the deep location 
of the dark neurons). However, dark neurons also appenr 
as a result of other, and not fully clarified, mechanisms. as 
seen in the case of GSM exposure, ischemia. hypoglycemia 
and epilepsy. A pharmacologic origin, such as depolarization 
related to tissue glutanutte release in injury, could explain 
the pathogenetic mechnnism for dark neurons in these cases, 
rather than the pressure-derived mechanical origin. Indeed. 
the formation of dnrk neurons can be prevented using phar· 
macologic fonns of glutamate antagonism ISS]. In the case 
of our studies, our technique for the resection of the rat brains 
is chosen to avoid mechanical pressure. 

Findings of dark neurons in connection to mobile phone 
exposure have been reponed by lhan e1 aJ. ]601 (GSM ex~ 
sure of rats for 7 days. I h daily). Also, an increase of oxidative 
damage was seen in the exposed rots as a significant increase 
in malondialdehyde (MDA) (an index for lipid peroxidation). 
nitric oxide (NO) levels, brnin xanthine oxidase (XO) and 
adenosine deaminase (ADA) activities, as compared to the 
controls. With treatment of the anti-oxidant Gingko biloba, 
the EMF induced increments of XO, ADA. MDA and NO 
were prevented. The anti-oxidant activiry of G. biloba is 
atuihuted to its tlavinoid glycosides. which an: the active 
compounds in the leaves. The action of these llavinoids is to 
destroy free radicals. such os NO and lipid peroxide radicals. 
Also the formation of dark neurons wos reponed to be pre· 
vented when the rats hlld been treated with G. biloba. Other 
attempts to repeat our findings of dark neurons after mobile 
phone exposure have been performed in a collaborative effon 
with Bernard Veyret's group in Bordeaux (61 ).In this study. 
the situation 14 days and 50 days after 2 h of GSM-900 radi
ation exposure at average brain SAR-values of 0.14 W/kg 
and 2.0Wikg was evaluated. No increased amount of dark 
neurons wos reponed. 

It has been suggested that BBB leakage is the major reo
son for nerve cell injury, such as dark neurons in stroke-prone 
sponlnneously hypenensive rats 162). Albumin leaks into the 
brain and neuronal degeneration is seen in areas with BBB 
disruption in several circumstances: after introcarotid infu
sion of hyperosmolnr solutions in rats [631; in the stroke 
prone hypertensive rat [65); in acute hypertension by nor-

tic compression in rats 1371. The linkage between albumin 
extravusation over the ~BB and neural damage might be a 
potentiating effect of albumin upon the glutamate-mediated 
neurotoxicity (64). Indeed, both albumin· nnd glutamate
induced lesions have the same histopathological appearance 
with invasion of macrol'hages and absence of neuronal cell 
bodies and axons in the lesion orcas [65). The glutamate 
itself can aJso increase ·the 888 opening 1661, leading to 
further albumin extravasation out into the brain parenchyma. 
From our previous findings of albumin extravasation 14 days 
after exposure ]191 and dark neurons not until after 28 days 
(191 and 50 days ]20J, it oould be hypothesized that albu
min extravasation into the brain ~nchyma. is the first 
observable effect of the mobile phone exposure. The albumin 
leakage precedes and possibly could be the cause of, the dam· 
age 10 the neurons seen 8s the dark neurons later on. In this 
connection, the findings of I 371 that transient openings of the 
BBB can result in permanent tissue damage. cnn also be men· 
tioned. Hypertensive opel,ing of the BBB resulted in albumin 
extravasation after 2 h. but the effects remained, although to 
a lesser extent, also after 1 days. Many neurons with cyto· 
plasmatic immunoreactivity for aJbumin appeared shrunken. 
Seven days after the 888 opening, there was a neuronal loss 
in these areas and a vigorous glial reaction, indicating that 
some neurons were irreversibly damaged 1371. 

I 

2. Alms or the present study 

In the present study i we have continued to investigate 
the effects of EMFs upcin the rat brain, now with focus on 
what happens 7 days after GSM exposure ut 915 MHz for 
2 hat non-thermal energy levels of0.12 mW/kg, 1.2mWikg. 
12mW/kg and 120mWikg. The main questions to be 
answered were: whether the snme increase of the B BB perme
ability is seen 7 days after exposure as that showed previously 
immediately after exposure and after 14 days, and whether 
different eJtposure levels'result in a different response. 

In order to compare to our previous findings. we have used 
the same exposure systein, GSM signal. animaJ model and 
histopathological meth~ as in our previous studies. 

3. Materials and melhOds 

J./. GSM exposure 

The animals were exposed to RF EMFs in the same tro.ns· 
verse electromagnetic transmission line cell (TEM-cells) as 
previously described and. used by 11.:!,5.13-191. The TEM
cells were designed by dimensional seating from previously 
constructed cells at the National Bureau of Standntds (671. 
TEM-cells are known to generate uniform EMFs for standard 
measurements. 

A genuine GSM mobile phone. operating at the 900 MHz 
frequency band, with programmable power output, was con-
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nected via a corudoJ cable to the TEM-cells. Through a 
power splitter, the power was divided into equal pans fed 
into the four TEM·cells used (TEM-cell A. B. C and D). No 
voice modulation was applied. Each of the four TEM-cells 
is connected to a SO Q dummy load. into which the output 
is tenninated. By using these TEM-cells, the pulse mod· 
ulatcd exposure fields can he accurately generated without 
the distortion that is typically introduced when conventional 
antennas n.re used to establish impulse test fields. Thus, a 
relatively homogeneous exposure of lbe animals is allowed 
!6R]. 

The TEM-cell is enclosed in a wooden box (inner dimen· 
sions of 15 em x 15 em x I 5 em) that supports the outer 
conductor, made of brass net, and central conducting plate. 
The central plate separates the top and bonom of the outer 
conductor symmetrically. Eighteen holes (diameter 18 mm) 
in the sidewalls and top of the wooden box make ventilation 
possible. Air is circulated through the holes of the TEM
cells using four fans. each placed next to the outer walls of its 
respective TEM-cell. The holes are also used for examination 
of the interior during exposure. For a further description of 
the TEM-cell. see 1681. 

The rats were placed in plastic trays (14cm x 14cm x 
7 em) to avoid conwct with the centra] plate and outer con
ductor. The bottom of the lilly was covered with absorbing 
paper to collect urine and faeces. Each TEM-cell contained 
two plastic trays, one above and one below the centre septum. 
Thus two rats could be kept in each TEM-cell simultane
ously. All the animals could move llfld tum around within the 
TEM-cells. 

For the actual experimental situation with one rat in each 
compartment of the TEM-cett. the conversion factor K for 
SAR per unit of input power could be fitted to the data as 

K = ( 1.39 ± 0. 17) - (0.85 ± 0.22)w (I) 

with w the sum of weights in kilograms of the 2 rats in the 
cell llfld the variance given a.~ SEM. For a more detailed 
description. see (21. -

Whole-body SAR and brain SAR vary with orientation. 
In our present set-up. the average of SAR for the brain grey 
matter was 1.06 Limes the average whole-body SAR. with a 
standard deviation of 56% around the average value for the 
different orientations, as estimated by us previously 119). 

3.2. AnimJJls 

All animal procedures were performed occonling to the 
practices of the Swedish Board of Animal Research and 
were approved by the Animal Ethics Committee, Lund
Malmij. 

Forty-eight inbred mille and female Fischer 344 rats (the 
rats were supplied by Scanbur AB. Stockholm. Sweden) 
were 2-3 months of age at the initiation of the EMF expo
sure. Male and female rats weighed 225 g ±56 g (standard 
deviation) and 233 g ± 60 g (standard deviation) respectively. 

The rats were housed in rat hutches. two in each cage. 
under standard conditions of 22 oc room temperature, arti
ficial daylight illumination and rodent chow and tap water 
ad libitum. 

The 48 rats were divided into four exposure groups, each 
group consisting of 8 rats. and one sham exposed group with 
16animols. 

The pe.UC power output from the GSM mobile phone 
fed into the TEM-cetJs was I mW. IOmW, IOOmW and 
IOOOmW per cell respectively for a period of 2 h. This 
resulted in average whole-body SAR of 0.12mW/kg, 
1.2 mW/kg, 12 mW/kg and 120 mW/kg for the four different 
exposure groups. 

All animals were kept in the animal facilities for a recovery 
period of 7 days after exposure. At the end of this period they 
wt:re anae~theti:r.ec.l and sa..:rific~:d by perfusion-fixation with 
4% formaldehyde. 

3.3. Histopathology and m~tlwds 

The hrains were fixed in situ through saline perfusion 
through the ascending nona for 3 min followed by 4% 
formaldehyde for IOmin and immersion in 4% formalde
hyde for 24 h. They were then remO'I•ed from the skulls 
by a non-traumatic technique (resection of bone structures 
at the skull base, followed by a midline incision from the 
foramen magnum to the nose) and immersion lixcd in 4% 
formaldehyde for more than 24 h. Whole coronal sections of 
the brains were dehydrated and embedded in paraffin. sec
tioned at .S ~m with a microtome and stained for RNA/DNA 
with cresyl violet to visualize damaged neurons. Albumin 
was demonstrated with the fgG fraction of rabbit anti-rat 
albumin (Dakopatts, Helsingborg, Sweden) diluted I :8.000. 
This reveals albumin w; brownish spotty or more diffuse dis
colorations. Biotinylatcd swine anti-rabbit lgG was used as a 
secondary antibody. Then avidin, peroxidase conjugated, was 
coupled to the biotin and visualized with DAB (diaminoben
zidine). 

All brains were examined histopathologically by our 
neuropathologist (A.B.). All microscopic analyses were per
formed blind to the test situation. 

Regarding albumin extravasation, the number of 
immunopositive extravasates (foci) were recorded under 
a microscope. None or occasional minor leakage was 
rated ns normal. whereas one larger or several lerucages 
were regarded as pathological. lmmunopositive sites were, 
however, disregarded when localized in the: hypothalamus, 
above the median eminence and laterally including the 
l3teral hypothalamk nuclei. in the immediate vicinity of the 
third ventricle and just beneath the pial membrane. These 
structures are well known for their insufficient BBB. Also 
the presence and distribution of albumin uptake into neurons 
was judged semi-quantitatively. 

Regarding neuronaJ d11mage. this were judged semi
quantitatively as no or occasional (score 0), moderate (score 
I} or nbundant occurrence (score 2) of dark neurons. 
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3.4. Statistics 

As an initial discriminative test, the occurrence of an effect 
of exposu~ (score I or higher for albumin foci; score 0 . .5 or 
higher for neuronal albumin uptake and dark neurons) was 
tested against sham exposed controls using Fisher's exact 
probability test. 

The Ktuskal-Wallis one-way analysis of variance by 
ranks was used for a simultaneous statistical test of the 
score distributions for the five conditions of sham or EMF 
exposure. When the null hypolhesis could be rejected, the 
non-parametric Mann-Whitney U-test for independem sam
ples was used to compare each of the groups ofGSM exposed 
and sham exposed animals. 

The occum:nce of covariatcs such as gender, the position 
of the rat in the TEM-cell (upperllower compartment) and 
the TEM-ccll used (TEM-cell A. B. Cor D) was evaluated 
using linear regression analysis. 

Speannan's non-parametric correlation analysis was used 
for evaluation of correlation between exposure level, albumin 
foci. neuronal albumin and dark neurons. 

4. Results 

In exposed animals there were albumin pos1t1Ve foci 
around capillaries in the white and grey matter (Fig. 5). 
The albumin had diffused into the neuropil between the cell 
bodies, surrounding the neurons, which either contained no 
albumin or contained albumin in some foci. Scattered neu
rons were albumin positive. Regarding the dark neurons, 
cresyl violet staining showed that these were scattered and 
sometimes grouped wilhin the brain parenchyma. 

The occum:nce of albumin outside brain vessels was char
acterized as albumin foci around vessels. After the 7 days 
recovery time, nlbumin foci were found significantly more 
often among exposed rats (25%) than among sham exposed 

Fig. S. Focal leakage of albumin shown in brown in the cortell. Albumin: 
c:resyl violet, "10. GSM-900 EMF c:tpcKure a1 12mW/kg. (For in~qweta· 
lion of the references to culllf in this fisure Legend, the reader is referred to 
the web version of the artie \e.) 

rats (0%) (Fisher's exact probability test, p = 0.04 ). There was 
a low, but significant correlation between the exposure level 
(SAR-value) and the occurrence of albumin foci (Spearman 
analysis, rs = 0.33; p = 0.04). Taking the level of exposure 
and quantification of neuropathulogical efl'ects into account 
it could be concluded from a simultaneous non-parametric 
comparison of all5 exposure levels with the Ktuskal-Wallis 
test,thatlhe distribution of albumin foci differed significantly 
(Krusk.aJ-Wallis, p = O.Ql 2). 

Pnir-wise comparisons between the different exposure 
levels and sham exposed animals revealed statistically sig
nificant differences for SAR of 12 mW/kg (Mann-Whitney. 
p = 0.007), whereas a trend of increased albumin extravasa
tion could be seen for 0.12 mW/kg (Mann-Whimey.p=O.l) 
and 120 mWikg (Mann-Whitney. p =0.1 ). 

Also, the occurrence of neuronal albumin was evaluated. 
A simultaneous analysis for all exposure levels revealed a sig
nificant difference between the five groups (Kruskal-Wallis, 
p = 0.03, however Fisher's exact probability, p = ns). A pair
wise comparison revealed that albumin uptake occurred 
more frequently at 1.2 mWikg as compared to sham exposed 
(Mann-Whimey, p=0.02). No difference was found for 
the occurrence of neuronal damage (Kruskai-Wallis, p = ns; 
Fisher's exact probability test, p= ns). 

Linear regression analysis did not reveal any influence of 
gender, position of the animals in the TEM-cell (upperllower 
compartment) or the TEM-cell used (TEM-cell A, B. Cor 
D) on the frequency of albumin foci. neuronal albumin or 
occurrence of dark neurons. 

S. ~ussion 

The present study provides evidence that GSM exposure 
results in disruption of the BB 8 permeability, with remaining, 
observable effects 7 days after the exposure occasion. Only 
non-thermal SAR-levels. below the limits of allowed expo
sure for humans [ 121 are considered. This finding of in~o:reased 
albumin extravasation after 7 days (Krusk.al-Wallis, p = 0.0 12 
with all animals included in the analysis, which is also in 
agreement with the Fisher's exact probability tcst,p=0.04) 
is in line with our earlier findings of albumin leakage both 
immediately following 2 h of GSM exposure [ 161 and 14 days 
[ 19) after 2 b of GSM exposure. Also, the increased occur
rence of neuronal albumin 1 days after the exposure is in line 
with the findings 14 days after exposure [ 19). 

In our previous study, where the animals have been sac
rificed inunediatcly after the EMF exposure, we have seen 
albumin extravasation only at the most in 50% of the iden
tically exposed animals, although all animals are inbred 
Fischer 344 rats 116). Among the rats exposed to the pulse 
modulated EMFs at 915 MHz, 35% showed albumin extrava
sation. Also in the sham exposed animals, albumin leakage 
was present (in 17% of the animals). When the animals have 
survived 7 days after the EMF exposure, albumin extrava
sation is seen in a lesser proportion (25% of the exposed 
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animals) and in none of the sham controls. This could be 
due to a rapid diffusion of extravasated albumin down to. and 
beyond concentrations possible to demonstrate immunohis
tochemically. Numerous routes of clearance of e)(travasated 
molecules out from the brain tissue are present in the living 
brain and compounds can also become sequestered intracel
lularly, become protein bound or metabolized. After 14 days, 
albumin extravasation is seen in a somewhat larger proportion 
of the EMF exposed animals (29% of the exposed animals) 
and none of the sham controls. Thus, a secondary BBB open
ing might have started at some time point after the initial 
opening. leading to 11 vicious circle of albumin leakage. 

The mechanism for the passage of albumin over the 888 
is not clear. Extravasation might occur through parncellular 
routes, including alterations of tight junctions between the 
vascul11r endothelial cells, or transcellular routes with induc
tion of pinocytosis or transcytosi s, formation of transendothe
lial channels or disruption of the endothelia) cell membrane. 
In connection to EMF exposure, amplified vesicle-mediated 
transport across the microvessel endothelium occurs, includ
ing also transendothelial channels. but no passage through 
disrupted inter-endothelial tight junctions [24]. 

One remarkable observation is that exposure at very low 
whole-body average power densities gives rise to a pro
nounced albumin leakage. In the present study, significant 
effects could be seen already at 12 mW/kg. although the dif
ferent animal groups included a relatively small number of 
animals. Most certainly, the trends seen for exposure levels 
of 0.12 m W /kg and 120m W /kg would have reached statis
tical significance if more animals had hccn included in the 
different exposure groups. 

The phenomenon with increased BBB permeability 
already at very low energy levels might represent aU-curve 
response. In our other studies, we have seen that the rats 
in several of the groups with different SAR-Ievels of EMF 
exposure have a significant 888 opening [16,19). The U
response curve occurs also in connection with other kinds of 
MW eltposure, where cerebral vessel permeability after an 
initial rise decreased with increasing MW power (39). 

Further investigation of 888 permeability in connection 
to EMF exposure is imponant not only in order to reduce the 
potentially harmful effects. but also to usc possible beneficial 
effects 169]. The transport of drugs over the BBB might be 
regulated. so that targets within the brain can be reached. For 
example. steering of 888 passage of the antiretroviral agent 
saquinavir has been accomplished in an in vitro model of 
the human BBB, where a frequency of 915 MHz generated 
the highest BBB penneability [69). This could be extremely 
importam in order to reduce the HIV replication in the brain 
of HIV-infected individuals. 

6. In conclusion 

The time between EMF exposure and sacrifice of the ani
mals is of great importance for the detection of albumin foci. 

Seven days after 2 h of GSM mobile phone exposure. there 
is still an increased penneability of the 888 of e)(posed 
rats. This is in concordance with earlier findings of alhumin 
extravasation out into the brain parenchyma immediately and 
14 days after 2 h of mobile phone exposure. 

7. General c:onduslon 

Taken together. it can be concluded that in a number of 
studies MW effects upon the BBB permeability have been 
observed. Increased permeability can be seen both immedi
ately after exposure, but also 7 days after the exposure, as 
reported in this primary repon, and after 14 days. It seems 
that the effects of the MW radiation might result in persistent 
changes, such as those seen in our own studies with neu
ronal damage both 28 and 50 days after 2 h of mobile phone 
exposure. In a future perspective, with increasing number of 
active mobile phone users, pa-.sive mobile phoning. radiation 
emil!ed from base stations and also MWs emitted from other 
communication sources. effects of low non-thermal levels of 
exposure must be considered further. The effects seen in the 
rat studies give some clues about what might possibly happen 
in the human brain, with a 888 very similar to that of rats. 
While awaiting latency periods long enough for adequate epi
demiological interpretations, further studies on both animals 
and cells 11re of utmost importance. 
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Abstract 

During recent yean there hu been increasing public concern on potential cancer risks from mic~ave emissions from wireless phones. 
We evaluated the scientific evidence for long-tenn mobile phone use and the association with cenain tumors in ca.<;e-<Ontrol itudies. mostly 
from the Hardcll group in Sweden and the lnterphone study group. Regarding brain tumors the metA-analysis yielded for glioma odds ratio 
(OR)= 1.0, 9591. confidence interval (CI) =0.9-1.1. OR increased to 1.3, 9591. Cl = 1.1-1.6 with 10 year latency period. with highest risk for 
ipsilateral exposure (same side as the tumor localisation), OR: 1.9, 9591.Cl: 1.4-2.4.1ower forcontralilteral exposure (oppositeside)OR = 1.2. 
95% Cl =0.9-1.7. Reganling acoustic neuroma OR= 1.0. 95% CI=O.S-1.1 was calculated increasing to OR= 1.3. 95% CI=0.97-1.9 wilh 
10 year latcocy period. For ipsilaten~l exposure OR= 1.6, 95% CJ = 1.1-2.4. and for contralateral exPosure OR= 1.2. 9S% CJ =0.8-1.9 were 
found. Regan! in& meningioma no consistent pattern of an increased risk wa~ found. Concerning qe. highest risk was found in the age group 
<20 years at time uf first usc uf wireless phones in lhe studies from l.hc Hardcll group. For salivary 'gland tumors. non-Hodgkin lymphoma 
and ttsticul21 cancer no consistent p:lltcm of an association with u~ of wireless phones was found. One: study on uveal melanoma yielded for 
probable/certAin mobile phone usc OR= 4.2, 9.5% Cl = I .2-14.5. One study on intratempon~l facial n'crve tumor was not possible to evaluate 
due to methodological shortcomings. In summary our review yielded a consistent pattern of an increased risk for glioma and acoustic neuroma 
after >10 year mobile phone usc. We conclude that current standard ror exposure to microwaves during mobile phone usc is not safe ror 
lons·tenn exposure and needs to be revised. 
e 2009 Elsevier Ireland Ltd. All rights reserved. 

Krywotds: Brain tumors; Olioma; Acow;tic neuroma; Meningioma: Cellular plloncJ; Cordless phones 

I. Introduction 

During the last decade there has been a rapid development 
of wireless technology and along with that an increased use 
of wireless telephone communication in the world. Most per
sons usc mobile phones and cordless phones. Additionally 
most populations are e~tposed to radiofrequency/microwave 
(RF) radiation emissions from wireless devices such 11s cellu
lar antennas and towers, broadcast trnnsmisgon towers. voice 
and dalll transmission for cell phones, pagers and persona] 
digital assistants and other sources of RF radiation. 

Concerns of he:~lth risks have been raised, primllrily an 
increllSCd risk for brain tumors. since the brain is the near f1eld 

' CorTC&pondina author. 
E-mail add~u: lcnnan.hardcll@orrhrt>ll_,e (L. H•rdell). 

0928-4681W$- see front maucr C 2009 Elsevier Ireland Led. All rights reserved. 
doi: 10.10!61j.pathophy~ 2009 01.(103 

I 
target organ for microwuve exposure during mobile phone 
calls. EspeciaJiy the ipsilateral brain (same side as the mobile 
phone has been used) is 'exposed. whereas the contraJiltttul 
side (opposite side to the mobile phone) is much less exposed 
Ill. Thus. for risk analysis it is of villll imporumce to have 
inforrru~tion on the localisation of the tumor in the brain and 
which side of the head 'that has been predominantly used 
during phone calls. · 

Since Sweden was o~e of the first countries in the world 
to adopt this win:less technology a brief history is given in 
the following. First, analogue phones <NMT: Nordic Mobile 
Telephone System) were introduced on the market in the 
early 1980s using both 450 and 900 Megahertz (MHz) carrier 
waves. NMT 450 was used in Sweden since 1981 but closed 
down in December 31, 2007. whereas NMT 900 operated 
during 1986-2000. 
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Table I 
Odds ratios (ORs) and 95% confidence interval• (Cis) from I I case-control studies on glioma including meta-analysis of the studies. Numbers of exposed 
c a.ses and controls = given. 

Author, year of publication. counuy, reference number No. of cast:s No. of con110ls OR 95'1-Cl 

ln~kip ct al., 2001. USA [n) 201 358 1.0 0.7-1.4 
Auvinen et al .. 2002. Finland [ ~4 I Not given Nol given !.5 1.0-2.4 

Ulnn ct al., 2005, Sweden [25)' 214 399 0.8 0.6-l.O 
Christensen el al .• 2005.low-grade glioma. Denmali; [~6]" 47 90 1.1 06-2.0 
Christensen ct aJ .. 2005, high-grade glioma. Dcnmali; [!6/' 59 155 0.6 0.4..(),9 

Hepworth ct al., 2006, UK (27)' 508 898 0.9 O.S-1.1 
SchUl et al .. 2006, Gcnnany (281 138 283 1.0 0.7-1.3 
Hardell et al .. 2006, Sweden I In all glioma )46 900 1.4 1.1-1.7 

Low-~ glioma 65 900 1.4 0.9-2.3 
High-~ glioma 281 900 1.4 1.1-1.8 

Lahko1a eC al .. 2006, Denmatll, Norway, Finland, Sweden, UK (19) 867 I 853 0.8 0.7-D.9 
Hours ct al., 2007, France [30 I 59 54 1.2 0.7-2.1 
K1acboc ct al .. 2007. Norway [.' l )' 161 227 0.6 0.4-{).9 
Takcbayashi ct al., 2008, Japan ( 17] 56 106 1.2 0.6-2.4 
Mcta-analy si~ :>1667~ >1S54~ l.O 0.9-1.1 

• Not included in mcta-analy~i~ bccau.o;e already pllrt of pooled data in Lahko1a ct al .. 2006 [29]. 
b Total number could not be calculated since numbers were not presented in one publication [2-l]. 

The digital system (GSM: Global System for Mobile Com
munication) using dual band, 900 and 1800 MH7., started 
to operate in 1991 and now domina1es the market. The 
third generation of mobile phones. 3G or UMTS (Univer
sal Mobile Telecommunication System}, using 1900 MHz 
RF broad band transmission has been introduced worldwide 
since a few years, in Sweden since 2003. 

Desktop cordless phones have been used in Sweden since 
1988, firsl analogue 800-900 MH1. RF fields. but since early 
1990s the digital 1900 MHz DEer (Digital Enhanced Cord· 
less Telecommunications) system is used. In our studies on 
tumor risk associated wilh use of wireless phones, we have 
also assessed use of cordless phones. However, most other 

Table 2 

research groups have not published such data at aJI, or only 
in a scanty way, so exposure to RF from DECT is not further 
discussed here. Instead the reader is referred to our previous 
publicntions on this issue 12-13]. 

The initial studies on brain tumor risk had too short 
latency periods to give a meaningful interpretation. How
ever, during recent years studies have been published 
that enable evaluation of ::: H). years latency period risk, 
although still mostJy based on low numbers 114. I 51. A 
::: 10-years latency period seems to be a reasonable mini· 
mum period to indicate long-term carcinogenic risks from 
exposure 10 RF fields during use of mobile or cordless 
phones. 

Odds ratios (0Rs) 1111d 95% confidence intcrvab tCis) from $ill ca.•CH:Oiltrol uudle~ on gHom~ including meta-an:ilysis of lhe ~!Udies using ::! 10 year la,cncy 
period. N umben; of exposed cues and controls arc given. 

Study Total I psi lateral C onualatcral 

Author, year of publication. country, No. of OR 95%CI No. of OR 9S%CI No. of OR 95%CI 
la!ency. reference number cues/contro Is cases/controls CtiC&Icontrols 

U!nn ct al .• 2005. Sweden.::! 10 years 25138 0.9 05-1.5 15/18 1.6 O.S-3.4 11/25 0.7 O.l-1.5 
(25)" 
C luisten~en et a1., 2005, Den mark, 619 1.6 0.4-6.1 
low-grade glioma. ~ 10 years [~b)' 
Chri~tc:nsen e' al., 2005, Denmark, 8122 0.5 0.2-l.l 
high-grade glioma, ~10 yean [~61' 
Hepworth ct ~ .• 2006, UK. ~10 661112 0.9 0.6-1.3 Not given 1.6 0.9-2.8 Not given 0.8 0.4-1.4 
year~ {27]" 
SchUz et al., 2006, Gc rmany, :=: I 0 12111 2.2 0.9-5.1 
yean [28] 
Hardcll et al., 2006, Sweden, > 10 78199 2.7 1.8-3.9 4Jn8 4.4 2.5-7.6 2ft/29 2.8 1.5-S.I 
years [ 12). all glioma 

Low-grade glioma 7199 1.5 0.6-3.8 2128 1.2 0.3-5.8 4129 2.1 0.6-7.6 
High-grade glioma 71/99 3.1 2.0-4.6 39128 5.4 3.0-9.6 22129 3.1 1.6-5.9 

l..a!Wl1a ct al., 2006. Denmm, 143/220 0.95 0.7-1.2 77/117 1.4 1.01-1.9 67/121 1.0 0.7-1.4 
Norway, Finland, Sweden. UK. ~I 0 
yean [29) 
Meta· analysis 233/330 lJ 1.1-1.6 118/145 1.9 1.4-2.4 93/150 1.2 0.9-1.7 

• Not incl u<kd in meta-analysis because already pan of pooled data in lahkola et aJ., 2006 ( ~9 ). 

I 
I 

i 
I 
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TableJ 
Odds ralios (01U) and 9S,. ~lidence intervals (Cls) from nine case-<oncrol studies on acoustic neuroma indudlna meta-llllalysis of the ltudies. Numbers of 
uposecl cues and eonwb ue given. · 

Aulhor, year or publication. COUlltty, Jeference number No. of cases No. or conU'Ois OR 95'li>CI 

lnskip et al ., 2001. USA 123 I 40 358 0.8 0.5-1.4 
LOnn ec al., 2004. Sweden 1.'21' 89 3~ 1.0 O.b-1.5 
Chrislensen et al.,l004, Ocnmart I.U)' 45 97 0.9 0.5-1.6 
Sehoemali:er d al., 2005, Denmark. Finland, Sweden, Norway. Scotland. EnJland (341 360 1934 0.9 0.7-1.1 
Hadel! et al .. 2006. Sweden (II] 130 900 1.7 1.2-2.3 
Takebayashi ec al., 2006, Japan (3SI 51 192 0.7 0.4-1.2 
Klaeboe et aJ., 2007, Norway 13 I I" 22 227 o.s 0.2-1.0 
Schlebofer ct al .. 2007, Gcnnany 136( 29 74 0.7 0.4-1.2 
Houn; et al .. 2007. France (301 58 123 0.9 o.s-1.6 
Mell·analysis 668 3581 1.0 0.8-1.1 

• Not included in meiA·analysis bec:au~ lllready pan of pooled data in Schoemaker ct al .. 2005 ~34). 

Long-term exposure to RF fields from mobile phones and 
brain tumor risk is of imponance to evaluate, not the least 
since the use of cellular phones is globaJiy widespread with 
high prevalence among almost all age groups in the popula
lion. In the following we discuss mobile phone use and the 
association with brain tumors, bul also other tumor 1ypes that 
have been studied. Recently, we published a detailed review 
of studies on bruin tumors I 141 followed by meta-analyses 
of published studies regazding glioma. acoustic neuroma and 
meningioma I 151. We have now recalculated these results 
with the addition of two new recendy published articles from 
the lnterphone study group (16.171. Studies from individual 
countries were only included in the meta-analyses if they 
were not also included in the joim publicalions for several 
countries. For odds mtio (OR) and 95% confidence intervaJ 
(CI) we used fixed effects model as in the recent publication 
by Kundi I 18]. The analyses were done using Sta.WSE 10 
(Siata/SE I 0 for Windows; StataCorp., College Station, TX). 

One case-control study was excluded since no separate 
data were presented for glioma. acoustic neuroma or menin
gioma [ 191, and another since no overall data on acouslic 
neuroma were published. only for some time periods without 
results for~ 10 year latency period 1201. 

Table4 

Due to several methodological limitations a Danish cohort 
study on "mobile phone: subscribers" 1211 is not possible to 
include in the meta-analysis, and the same methodological 
shortcomings prevail in1the published updated cohort [221. 
In the following only a short overview of lhe results for brain 
tumors is given, since we have discussed these issues in more 
detail elsewhere 114.15]. The other tumor types that have 
been studied are salivar)- gland tumors, non-Hodgkin lym
phoma (NHL), testicuhir cancer, eye melanoma and facial 
nerve tumor. I 

2. GUoma 

Glioma is a maligmint type of brain tumor and com
prises about 60% of all centtal nervous system tumors. The 
highly malignant glioblaStoma multifonn, with poor survival, 
is included in this group: 

Eleven case--control 'studies present results for glioma 
(12. 17.23-J I]. Of these' eight [ 17.25-31 I were pan of the 
Interphone study and foUr of these ( 25-27 ,31] were included 
in a pooled-anaJysis with additional dala for Finland (29]. 
The results are presented in Table I. Overall no decreased 

Odds rlllios (0Rs) and 95,. cut11idence intenals {Cis) from four c!Do-«mtwl 5tudies on arousLic neuroma including mct.a-analyois of the 5tudies using ~I 0 
year latency period. Numbers of e~poscd cues and conuols are given. t 

srooy Total Ipsilateral ContralatcraJ 

Author, year of poblic.tion, eounlly, No. of OR 95'll> Cl No. of OR 95'li>CI No. of OR 9S'li>CI 
l&lency. reference number caoe.tronlrols case.tcontrols cue~conlrol_, 

UIM cc al .. 2004. Sweden. 2:10 years 14129 1.8 O.S-4.3 12115 3.9 1.~9.S 4/11 0.8 0.2-2.9 
132). 
ChrislcllieTI et al .. 2004. Denmark, 2115 0.2 0.04-1.1 
~I 0 years 13~ I" 
Schoemakcr et al .. 2()0j, Denmark. 471212 1.0 0.7-1 .5 31/124 1.3 o.a-:.2.0 201105 1.0 O.b-1.7 
Finland. Sweden. Norway. Scodand. 
England, ;::10 yean (34) 
Hardell et al., 2006, Swe~n. >10 20199 2.9 1.~5.5 10128 3.~ 1.5-7.8 6/29 2.4 0.9-0.3 
years Ill) 
Mcta·analysis 671311 J.J 0.97-1.9 411152 1.6 1.1- 2.4 2(1.1134 1.2 O.S-1.9 

• Not included in meta-analysis because already pan of pooled data in Schoemalcer et al .. 2005 (.14 1. 
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or increased risk was found for glioma in the meta-analysis; 
OR"" 1.0. 95% CJ :0.9-1.1. 

Results for I 0 year latency period are presented in Table 2. 
Six studies [12,25-29] gave such information and three 
[25-27) of these were alsopartofthe publication by lahkola 
et al. [29]. The meta-analysis yielded significantly increased 
risk for glioma with OR = 1.3, 95% CI = 1.1-1.6 increasing to 
OR= 1.9, 95% Cl = 1.4-2.4 for ipsilateral exposure. The lat
ter results were based on 118 exposed cases and 145 exposed 
controls. Regarding contralateral exposure to microwaves 
from mobile phones a lower risk was calculated, OR= 1.2, 
95% Cl=0.9-1.7 (n=93 cases. 150 controls). It should be 
noted that in the study by Takebayashi et al. ( 17] analyses of 
maximum microwave energy absorbed at the location of the 
tumor gave OR= 1.6. 95% Cl = 0.6-4. 2 related to the high
est quartile of cumulative phone time weighted by maxSAR 
and OR= 5.8, 95% Cl = 0.96-36 for subjects with cumulative 
maxSAR·hour of~ 10 W/kg-h. 

3. Acoustic neuroma 

These tumors are benign and do not undergo malignant 
transformation. They tend to be encapsulated and grow in 
relation to the auditory and vestibular portions of nerve 
VIII. They are slow growing tumors initially in the audi
tory canal, but gmdually grow out into the cerebellopontine 
angle. where they come into contact with vital brain stem 
centers. 

Nine case-control studies have been published [ I I ,2.t 
30-361, see Table 3. Seven [30-36] were pn.rt of the 
lnterphone study and three [J 1-33] were included in the 
publication by Schoemaker et al. [34 J. Analysis of the total 
material yielded OR= 1.0, 95% Cl=0.8-l.l increasing to 
1.3, 95% Cl =0.97-1.9 using 10 year latency period, Tablc4. 
For ipsilateral exposure OR increased further to 1.6, 95% 
CI = 1.1-2.4, whereas contralateral exposure gave a non· 
significantly increa.~ risk, OR= 1.2, 95% Cl =0.8-1.9. 

4. Meningioma 

Meningioma arises from the pia or archnoid. which are the 
covering layers of the central nervous system. The majority 
are benign tumors that are enc11psulated and well-demarched 
from surrounding tissue. 

Regarding meningioma results have been published 
from nine case-<ontrol studies, Table 5 II 1.16, 17.23,25 ,26, 
28.30.31]. Of these. seven ( 16, 17 ,25.26.28.30.311 were 
part of the lnterphone studies. The lahkola et al. study 
[16] included three separately published Interphone studies 
[25.26.31]. The meta-ana1ysis in Table 5 gave a signifi
cantly reduced OR= 0.9. 95% CI = 0.8-0.9. These results 
were mainly caused by the findings in the Interphone study 
[161 with the largest numbers of cases and controls yielding 
OR= 0.8. 95% Cl = 0. 7...0. 9 in that study. 

Using I 0 year latency period OR was close to unity and 
somewhat increased for ipsilateral exposure, OR= 1.3. 95% 
CJ =0.9-1.8, Table 6. Regarding contralateral exposure OR 
was non-significantly decreased to 0.8, 95% CI = 0.5-1.3. 
The results for laterality were based on only two studies 

[II, 161. 

5. Brain tumor risk in different sage groups 

We grouped cases and controls according to age when they 
staned to use a mobile or a cordless phone [11.12]. Con
sistently we found the highest risk for those with first usc 
<20 years age. Thus, for malignant brain tumors 0R=2.7, 
95% CI = I .3-6.0 was calculated for mobile phones and 
OR = 2.1. 95% Cl = 0. 97-4.6 for cordless phones. The corre
sponding results for benign brain tumors were OR= 2.5, 95% 
CI = l.l-5.9 and OR= 0.6, 95% Cl"' 0.2-1.9, respectively. 
Previously. we published results for diagnosis of brain tumor 
in different age groups 137] and found highest 0R=5.9, 
95% Cl = 0.6-.55 for ipsilateral use of analogue phones in 
the youngest age group 20-29 years at the time of diagnosis. 
Using a >5 year.> latency period increased the risk funher. 

6. Brain tumor risk for use of mobUe phone in urban 
and rural areas 

There is a difference in output power of digital mobile 
phones between urban and rurnl areas. Adaptive power con
trol (APC) regulates power depending on the quality of the 
transmission. In rural areas with on average longer distance to 
the base station the output power level is higher than in urban 
areas with dense population and shorter distance to the base 
stations. We studied the risk for brain tumors in urban versus 
rural Jiving from the data in our study with cases diagnosed 
January I. 1997 to June 30, 2000 (38]. Regarding digital 
phones OR= 1.4, 95% Cl = 0.98-2.0 was obtained for liv
ing in rural areas increasing to OR= 3.2, 95% CI = 1.2-8.4 
with >5 years latency period. The corresponding results for 
living in urban areas were OR= 0.9, 95% CI = 0.8-1.2 and 
OR= 0.9, 95% CI =0.6-1.4, respectively. 

7. Salivary gland tumors 

The salivary glands, especially the parotid gland. are tar
gets for ncar-field microwave exposure during caJis with 
wireless phones. A Finnish study reported OR= 1.3. 95% 
Cl=0.4-4.7 for those who had ever had a mobile phone 
subscription [24[. 

Results from three case-<ontrol studies have been pub
lished, one from Sweden, one from the Nordic countries 
and one from Israel. During the same period as our stud
ies on brain tumors we performed a study on salivary gland 
tumors (39]. Our study included the whole Swedi~h pop-
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TableS 
Odds ratios (0Rs) and 95% confidence intervals (Cis) from nine ca.se-con!lol 5rudie1 on meningioma including meta-analysb of the ~tudies. Numws of 
exposed casea and controls an: given. ; 

Aulhor, y~ of publicllion, counuy, reference number No. of clUCs No. of controls OR 

bukip ct al .. 2001 (USA)[B] 67 358 ' 0.8 
0.7 
0.8 
0.8 

0.5-1.2 
Ulnn etal., 2005 (Swoden) (2.5]• 118 399 0 • .5-{).9 

0.5-1.3 
0.6-1. I 
0.9-1.3 

Cbrisletuen cl al., 200.5 (0ennuut)(26]" 67 133 
SthUz ct al., 2006 {Germany) (281 104 234 
H.anlell c:t al., 2006 (Sweden) (II) 347 900 1.1 
KlacOoe et al., 2007 (Norway) f.liJ' 96 227 0 .8 0.5-1.1 

0.4-1.3 
0.7-{).9 

Hours ct al., 2007 Cfrancc) (301 71 80 0.7 
0.8 
0.7 

I..ahkola c:t al., 20011 (Dcnmarlr.. Norway. finland, Sweden, UK) ( 16] .573 1696 
'Mebayulli et al .. 2008.lapan ( 171 .5.5 118 0.4-1.2 

0.~.9 M¢~~-analysis 1217 3 386 0.9 

• Not included in meta-analysis because abeady part of pooled dalll in I..ahlr.ola cc aL 2008 ( 16]. 

ulation. Cases were recruited by using the regional cancer 
registries, and most had a malignant disease. They were diag
nosed during 1994-2000, but with some variation for the 
different medical regions in Sweden. Population based con
trols were used as reference group. The questionnaire was 
answered by 267 (91%) of the cases and 750 (92%) of the 
controls. Of the cases 245 bad a cancer diagnosis. Overall no 
association was found; analogue phones yielded 0R=0.9. 
95% Cl=0.6-1.4. digital OR= 1.0, 95% Cl=0.7-1.5 and 
cordless phones OR= 1.0, 95% Cl = 0. 7-1.4. No effect of 
tumor induction period was found, although regarding >10 
year latency period only 6 cases had used an analogue phone. 
0R=0.7, 95% CI=O.J-1.7, whereas no case had used a dig
ital or cordless phone with that latency period. The resul!s 
did not change significantly for ipsilateral or contralateral 
tumors. 

The Nordic pan of the lnterphone c~omrol study of an 
association between use of mobile phones and parotid gl1111d 
tumors was published in 2006 140). Detailed information 
about mobile phone use was obtained from 60 (85%) cases 
with malignant tumor, 112 (88%) with benign tumor and 681 
(70%) controls. Regular mobile phone usc gave OR=0.7, 
95% Cl=0.4-1.3 for malignant tumors and OR=0.9, 95% 
Cl =0.~1.5 for benign parotid gland tumors. For ipsilat· 

Table f) 

era! mobile phone use n latency period of ::: 10 year yielded 
OR 0.7. 9.5% Cl =0.1-5.7 for malignant tumors (n =I) 1111d 
OR =2.6, 9.5% Cl=0.9-7.9 for benign tumors (n=6). Con
tralateral use was reported by one case with benign tumor 
and no case with malign~t tumor in the same latency group. 

As part of the lntcrphone study results on parotid gland 
tumor were reported from lsrael!41 J. It included 402 benign 
1111d 58 malignant incident cases. tota1460 (87%) of 531 eligi
ble for the time period 2001-2003. Population based matched 
controls were used, in totall266 (66%) out of 1920eligiblc 
subjects. Thin.een cases1had a latency period of ~to year, 
which gave OR=0.9, 9.5% CI =0.4-1.8. No significantly 
increased risk was found for dumtion of use; ~ I 0 year yielded 
OR= 1.0. 95% Cl = 0.5-2.1. However, for cumulative num
ber of caJls >54 79 OR= 1.6, 95% Cl = 1.1-2.2 was found for 
ipsilateral and both ears :used equally. whereas contralateral 
use gave OR=0.8. 95%.C1 =0.5-1.2. Similarly, cumulative 
call time >266.3 h yielddd OR = 1.5, 95% CI = 1.1-2.1: con
tralateral use gave OR = 0.8, 95% Cl = 0.6-1 .3. 

In the meta-analysis using I 0 year latency period no over
all increased risk was found, OR= 0.8. 9.5% Cl"" 0.5-I .4, but 
for ipsilateral use it increased to OR::: 1.7. 95%CI ~0.96-2.9, 
whereas contralateml use gave OR=0.4, 95% C1=0.2- 1.2, 
Table 7. I 

Odds ratiM (0RsJ and 9!\'KI confidmce intervals (Cis) from fi~-c case-<ontro11tudies on mcningiom.t including meta-anal~i~ of the studic~ u.'inl ~10 ycv 
latency period. Nwn~ra of exposod cases and controls arc given. I 
Study Total lp~ilateral Conu alatcral 

AutbQr. y~ of publication, country. No. of OR 9.5'ii>CI No. of OR 9S'ii>CI No. of OR 9S'il> Cl 
latency. reference number c asc Jlcootrob c~~Seslcontrols cues/controls 

Ulnn el al., 2005, Sweden, :::=: I 0 yean 12136 0.9 0.4-1.9 .S/18 1.3 O.S-3.9 3123 0.5 0.1-1.7 

(25)" 
Christensen ct al .. 200.5, DeiUI'Wk. 618 1.0 O.l-3.2 
~ 10 yean [26)' 
SchUz et al., 2006. Oennany. :: 10 S/9 1.1 0.4-3.4 
years (281 
HardeU d al .. 2006, Sweden, >10 38199 I.S 0.98-2.4 1.5128 2.0 0.98-3.9 12129 1.6 0.7-3.3 

yean(ll} 
Lahkota et al .. 20011 C Dcnmart. 731212 09 0.7-1.3 331113 1.1 0 .7-1.7 241117 0.6 0 .4-1.03 
Norway, Finland, Sweden, UK) [ 16) 
M cla-analy'i' llb/320 1.1 o.s-1.4 481141 1.3 0.9-;1.8 361146 0.8 0..5-I.J 

1 Not included in mda·analy•i> becauae already part of pooled d.ata in Lahkola et &1 .. 2008 [lit). 
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Table? 
Odds ratios (0Rs) lltld 95<;1, confidence intervals (Cis) from three case--<t>ntrol studies on &ali\ary gland tumors including meta-analysis of the studies u•ing 
> l 0 year ) atency period. 

Study Total 

Author, year of public.tion, No. of OR 95~CI 

country. latency. reference case5/controls 
numher 

Hardell eta!., 2004. Sweden, 6135 0.7 0.3-1.7 
>10 years [39) 
Uinn el al .• 2006. malignant. 2/36 0.4 0.1-2.6 
Sweden. ~ \0 yean 1401 
Uinn etlli., 2006, benign, 7115 1.4 0.5-3.9 
Sweden. <=.10 yean [40] 
Sadetzk i et aJ .. 2007. Israel. lJ/26 0.9 0.4-1.8 
~10yean[411 

Meta·Miliysis 28/112 0.8 O.S-1.4 

' Not included in meta-anaJysis because OR could not be estimated. 

8. Non-Hodgkin lymphoma 

The incidence of NHL increased since the 1960s in Swe
den as well as in many western countries with reliable cancer 
registries. This trend has levelled off since the 1990s, and 
decreasing e"posure to environmentaJ contaminants such ns 
PCBs and dioxins, and also certain pesticides has been pos
tulated to be one explanation [42.43). As part of a large 
case-<:ontrol study on NHL, mainly on exposure 10 pesti
cides [ 44), also questions on the use of wireless phones were 
included. The study covered the time period December I. 
1999 to April 30, 2002. The questionnaire was answered by 
910 (91 %) cases and 1016 (92% controls). The majority of 
the cases had 8-ccll NHL and we did not find any asso
ciation with use of wireless phones (45]. Regarding T-cell 
NHL (n =53) we observed somewhat increased risks; usc 
of analogue phone gave OR= 1.5. 95% Cl = 0.6-3.7, digi
tal phone OR = I. 9, 95% CI = 0.8-4.8 and cordless phone 
OR= 2.5, 95% Cl = 1.1-5.6. For certain subtypes ofT-cell 
NHL, the cutaneous and leukemia types. the risks increased 
funherforanalogue phone to OR"' 3.4, 95% CI = 0.8-15. dig
ital phone to OR= 6.1, 95% CT = 1.3-30, and cordless phone 
to OR= 5.5. 95% Cl = 1.3-24. These results were. however. 
based on low numbers. 

A study from USA included 551 NHL cases and 462 fre
quency matched controls [46). Among regulur mobile phone 
users NHL risk was nm significantly associated with min
utes per week, duration. cumulative lifetime or years of 
first use. However, totaJ time >8 years gave OR= 1.6, 95% 
C1 = 0.7-3.8. The risk increased with number of years, and 
was significant for the not specified group of NHL after ~6 
years use yielding OR= 3.2. 95% CI = 1.2--8.4. 

9. Testicular cancer 

An increasing incidence of testicular cancer has been 
noted in most western countries during the recent decades. 
It is the most common cancer type in young men and is 

Ipsilateral Contn.lateral 

N'o. of OR 9S'l-CI No. of OR 9S'ilo Cl 
cases/controls casc:5/controls 

Sll3 1.5 0.5--4.2 lfl.S 0.3 0.03-2.1 

lnJ 0.7 0.1-5.7 0119 -· -· 
619 2.6 0.9-7.9 l/9 0.3 0.0-2.3 

10116 1.6 0.7-3.7 3/10 0.6 0.2-2.3 

22161 1.7 0.96-2.9 51J4 0.4 0.2-1.2 

not regarded to be an occupational disease. Cryptorchidism 
is an established risk factors. but also perinatal exposure 
to persistent organic pollutants with honnone activity has 
been sugge1;ted to be another risk factor 147,48]. There has 
been concern in the population that use of mobile phones 
might be a risk factor for testicular dysfunction. We per
formed a case-con1rol study mainly on !he use of PVC 
plastics as risk factor for testicular cancer [ 49], .and included 
in the questionnaire also questions on the use of wireless 
phones. The results were based on answers from 542 (92%) 
cases with seminoma, 346 (89%) with non-seminoma and 
870 (89%) controls [50]. Overall no associatiDn was found 
[50]. Only 13 cases with seminoma had used an analogue 
phone >10 years yielding OR=2.1. 95% CI=O.S-5.1 and 
one case with non-seminoma; OR=0.3, 95% CI=0.04-2.6. 
No case had used a digital or cordless phone with latency 
period >10 years. OR did not increase with cumulative use 
in hours for the different phone types. Regarding use of 
mobile phone in the stand hy mode border line significance 
was found for seminoma. OR= 1.3. 95% CI = 1.03--1.7. but 
not for non-seminoma; OR :::0.9, 95% Cl =0.7-1.3. For dif
ferent locaJisations during stand by. highest risk was found 
for seminoma for keeping the phone in ipsilateral trousers 
pocket. OR= 1.8, 95% CI = 0.97-3.4 whereas contralateral 
pocket gave OR"' 1.0, 95% CJ = 0.5-2.0. 

I 0. Malignanl melanoma of the eye 

Stang et a\. [51) conducted a hospital· and population
based case-control study of uveal melanoma and occu
pationa1 exposures to different sources of radiofrequency 
radiation. A total of 118 cases with uveal melanoma II.Jld 4 75 
controls were included. Exposure to RF-transmitting devices 
was rated as (a) no RF exposure, (b) possible exposure to 
mobile phones, or (c) probable/certain exposure to mobile 
phone..-;. An elevated risk for e;ltposure to RF·transmitting 
devices was reported. Exposure to radio sets gave OR= 3.0, 
95% Cl = 1.4-6.3 II.Jld probable/certain exposure to mobile 
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phones OR =4.2, 95% Cl = 1.2-14.5. The authors concluded 
that several methodologic limitations prevented their results 
from providing clear evidence on the hypothesized associa
tion. 

The study was commented among others Johansen et nl. 
(52).1n theircohon of mobile phone subscribers in Denmark 
no support for an association between mobile phones and ocu
lar melanoma was found. However, as discussed elsewhere 
r 14.15.18,55), there are several methodological limitations in 
the Danish cohort (21.~2) that hamper the interpretation of 
their findings. 

The paper by Stang et al. [511 has also been commented 
by Jnskip (53] in an editorial, the main point being that miss
ing from the paper is any consideration of occupational or 
recreational exposure to UV radiation. 

II. lntrakmporal fadal orne tumor 

So far only one investigation has studied the risk of 
intrutemporal facial nerve (IFN) tumor and the use of mobile 
phone (54). A case-control approach was used with 18 
patients with IFN tumors matched with controls (n = 192) 
treated for other disenses, 51 patients treated for acoustic 
neuroma, 72 treated for rhinosinusitls, and 69 for dysphonia 
and gastroesophageaJ reflux. Risk of facial nerve tumorigen
esis was compared by extent of mobile phone use. The OR of 
developing an IFN tumor was 0.6, 95% CJ "'0.2-1.9 with any 
handheld mobile phone use and OR= 0.4, 95% Cl = 0.1-2.1 
for regulnr mobile phone use. However, they concluded that 
the short duration of use precludes definite exclusion as a 
risk for JFN tumor dcvelopmenc. Cenainly the cases were 
too few for a sound epidemiological study and it was not cor
rect to include patients with acoustic neuroma in the reference 
group. 

11. Discussion 

A review on use of mobile phones and the association with 
brain tumors included nil case-control studies that we have 
identified in the peer-review litera111re. Most studies have 
published data with rather shon latency period and limited 
information on long-term users. 

No other studies than from the Hardell group has published 
comprehensive results for use of cordless phones (DECT) 
12- 151. As we have discussed in our publications it is perti
nent to include also such use in this type of studies. Cordless 
phones are an imponant source of exposwe to microwaves 
and they are usually used for a longer time period on daily 
basis as compared to mobile phones. Thus, to exclude such 
use. as was done in e.g. the lnterphone studies, could lead to 
an underestimation of the risk for bruin tumors from use of 
wireless phones. 

We have discussed shoncomings in the Interphone stud
ies in detail elsewhere (551. Regarding glioma the Swedish 

Interphone study reported 23 ORs in Table 2 in that publi· 
cation 1251 and 22 of these were < 1.0 and one OR"" 1.0. For 
meningioma all 23 ORs 'were < 1.0. six even significantly so. 
These results indicate a systematic bias in the study unless use 
of mobile phones prevents glioma and meningioma, whlch 
is biologically unlikely. ' II should be noted that several of 
the overall ORs also in other lnterphone studies were < 1.0, 
some even significantlyj so. As an e:\wnple. in the Danish 
lnterphone study on glioma (26) all 17 ORs for high-grade 
glioma were <1.0. four 'significantly decreased. Also other 
lntcrphonc studies reported ORs ~>ignificantly < 1.0, that is 
a protective effect or rather systematic bias in the studies 
[16.29.311. . 

Use of cellular telephones was mostly assessed by per
sonal interviews in the lnterphone studies. It is not described 
how these personal interViews were organized, a tremendous 
task considering that vast pru1s of Sweden from north to south 
had to be covered. In the s'p:uscly populated and extended area 
in northern Sweden persona) interviews must have meant lots 
of long distance travelin.g and imposed additional stress on 
the interviewers. No information was given in the articles on 
how or if this methodological problem was solved, for exam
ple were controls only included from more densely populated 

I areas. 1 

The interviews in the lnterphone study were extensive 
and computer aided. It is likely that such an interview cre
ates a srressful situation for a patient with a recent brain 
tumor diagnosis and operation. These patients, especially 
under pressure with a newly diagnosed brain tumor and 
possible surgery. often have dilliculties remembering pa.c;t 
exposures and inevitably have problems with concentration 
and may have problem's with other cognitive shoncom
ings. In the Danish part of the lnterphone study it was 
concluded that the patients scored significantly lower than 
controls due to recalling words (aphasia). problems with 
writing and drawing due to paralysis (26). According to 
our experience a better option would have been to stArt 
with a mailed questionnaire, that can be answered by the 
patient during a period! of more well-being, if necessary 
this can be complemented by a telephone interview. After 
surgery il is easier to answer a questionnaire at home, also 
with the possibility to check phone bills to verify the use. 
This procedure has the additional advantage that it can be 
accomplished without disclosure during the data collection, 
whether a person is a cilse or a control. Certainly. know
ing if it was a case or a control that was interviewed in 
the lnterphone study may have introduced observational 
bias. 

It has been argued that recall bias might be introduced 
in case-control studies on cancer patients. since the patienls 
would be more prone to find a cause for their dis~e than the 
controls. However, the ~ntrary is often the situation since 
patients do not want to blame themselves for their disease. In 
one article we presented data on the patienls own assumptions 
of causes of their brain rumor [5). Of 1429 cases only two 
expressed concern about mobile phones and no about cordless 

I 
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phones. Interestingly, cases with a previous cancer diagnosis 
reported lower frequency for use of wireless phones than 
those with no previous C<U~cer. No interviewer bias could be 
demonstroted when exposure datu in the questionnaire were 
compared before and after phone interviews (5]. 

The diagnosis of rumor type as well as grading is based 
on histopathology. X-ray investigation or MR alone is insuffi
cient. Of the 371 cases with glioma in the Swedish Interphone 
study 125) histopathology examination of the tumor was 
available for 328 (88%) cases. and for 225 (82%) of the 
meningioma cases. Thus, it is possible that cases without his
tology confirmation of the diagnosis may have had another 
type of brain tumor or even brain metastases. Such mis
classiflcations inevitahly bias the result towards unity. II is 
rc:malkable that 345 glioma ca...cs were stratified according 
to grade 1- IV.Illthough histopathology was available only for 
328 cases.ln our studies on brain tumors we have histopathol
ogy verification of all of the diagnoses. Also,lhc totlli number 
of included cases I 251 is not completely consistent with those 
reported to the Swedish Cancer Registry as we have discussed 
elsewhere [551. The study included cases from neurosurgery, 
oncology and neurology clinics as well as regional cancer 
registries in the study areas. 

Among the controls in the glioma and meningioma study 
282 (29%) refused to participate (251. Among some of these 
non-responders a &hort interview was made and only 34% 
reported regular use of a cellular telephone compared with 
59% of the responders. If this discrepancy extends to the 
total group of non-responders the true percentage of mobile 
phone users in controls would be approximately 52%. Hence 
this figure would he lower than in glioma (58% exposed) and 
acoustic neuroma cases (60%). Only for meningioma with 
43% exposed cases a lower percentage was reported, how
e\"er, considering the sex ratio (women:men) for meningioma 
of about 2: I a lower percentuge of mobile phone users has 
to be expected due to the lower rate of users IUllong women. 
It should be noted that a similar procedure in another Inter
phone study yielded similar results regarding mobile phone 
use among responders and non-responders [ 171. 

It was discussed in o. medical dissertation (56 I that: 'Our 
Swedish study, that includes a large number of long-term 
mobile phone users, does not support the few previously 
reported positive findings. and does not indicate any risk 
increases neither for short-term or long-term exposures.' 
Considering the methodological shortcomings and that in 
contrast to the cited assertion of 'a large number of long
term users' the study subjec~ included only 25 glioma and 12 
meningioma cases with long-term use, its conclusion seems 
to be going a long way beyond what can be scientifically 
defended. 

It might be mentioned that this area of research seems 
to be contro"ersial pus~ with unfounded statements [571, 
easily rebutted (58( and not supported by evolving scientific 
evidence 159). Statements on no risk for brain tumors based 
on short-time use of mobile phones (60] might be considered 
in a larger context I 61 r. 

We included in our studies use of mobile or cordless phone 
'any time' in the exposed group and made dose-response 
c:alculluions b11sed on number of hours of cumulative usc. The 
unexposed group included also subjects with use of wireless 
phones with ~ I -year latency period. On the contrary, mobile 
phone usc in the lnterphone studies wa.~ defined as 'regular 
use' on average once per week during atleast6 months. less 
than that wa.~ regarded as unexposed including aJso all use 
within <I year before diagnosis. This definition of 'regular 
use' seems to have been arbitrary chosen and might have 
created both observational and recall bias in the interpretation 
of such a definition. 

Use of cordless phones was not assessed or not clearly 
presented in the lnterphone studies, e.g.(25,281- We found a 
consistent pattern of an association between cordless phones 
and glioma and acoustic neuroma (11.12}.11 has been shown 
that the OSM phones have a median power in the same 
order of magnitude as cordless phones f62J. Moreover, cord
less phones are usually used for longer calls than mobile 
phones I J 1,12 ). Including subjects using cordless phones in 
the "unexposed" group in studies on this issue, as for example 
in the Interphone investigations, would thus underestimate 
the risk and bias OR against unity. 

The case panicipation was good in our studies. 88% for 
cases with benign brain tumo~. 90% for ma.Jjgnant brain 
tumor cases and 89% for the controls. On the contrary case 
participation varied from 37% to 93% and control participa
tion from 42% to 75% in the lnterphone studies. Obviously 
low participation rates for cases and controls mjght give selec
tion bia~ and influence the results in the lnterphonc studies. 

Methodological issues in the lnterphone studies have been 
discussed elsewhere 114.15.18,55.63-651. It was concluded 
that the actual use of mobile phones was underestimated in 
light users and overestimated in heavy users. Random recall 
bias could lead to large underestimation in lhe risk of brain 
tumors llSsociated with mobile phone use. It was further sug
gested that selection bias in the lnterphone study resulted in 
under selection of unexposed controls. Refusal to participate 
was related 10 less prevalent use of mobile phones. and this 
could result in a downward bias in estimates of the disease 
risk associated with mobile phone use. As discussed by Kundi 
I 181 there was also interview lag time between cases and con
trols in the lnterphonc studies that might have been a source 
of bias due to the fast increase of mobile phone use during 
the study period. This could have resulted in underestimation 
of risk. 

For salivary gland tumors the results were based on 
three case-control studies. In the 10 year latency period the 
meta-analysis gave an almost significantly increased risk 
for ipsilateral use or mobile phones, and a non-significantly 
decreased risk for contralateral use. These results were based 
on few cases. Regarding NHL and testicular cancer some 
subgroup anaJysis yielded increased risks. but these results 
were based on low numbers. Use of mobile phone increased 
the risk significantly for melanoma of the eye. The study on 
intratemporlll facial nerve tumors is not informative since 
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ic was based on few cases and included acoustic neuroma 
patients in the control group. It Is concluded that all studies 
were hampered by low numbers of long-term users and need 
to be replica1ed for firm evidence of an association between 
use of mobile phones and these tumor types. 

ln summary our review yielded a consistent pattern of 
an increased risk for acoustic neuroma and glioma after >10 
years mobile phone latency. Our studies showed also an asso
ciation with use of cordless phones, an issue that has not been 
studied at all in most investigations or only rudimentary in 
two studies. We conclude that current standard for exposure to 
microwaves during mobile phone use is not safe for long-term 
exposure and needs to be revised. 
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Abstract 
. ,· 

I 
Studying effects of mobile phone base station signals on health havt been discouraged by authoritative bodies like WHO International EMF 

Project and COST 281. \YBQ_rccommendcd.studies around b3se 11ations in~ but again stated in 20061hat srudjes on cancer in ~lation to 

base station exposure m: or low priority. As a result only few investigations of effects of base statiOn exposure on hulth and wellbeing wst 
Cross-sectional investigati~s of subjective hewlb as a function of distance or measured field strength, despite dlffereni:es' in methods and 
robustness of study design, found indlcations for an effect of uposu~ that is likely independent of concerns and attributions. Experimental 
studies applying short-tmn exposure to base station signals gave various ~suits, but there is weak evidioce that UMTS and to a lesser degree 
GSM signals reduce wellbeing in person~ that ~pon to be sensitive to such exposures. ~ -~~l_!,gical studies of cancer in the ·viciuiry or · 

A _ -..,., ba~c.stations reP9n both a strong i11qease of ii!Ciden~_~in a radius of..1SO.JU19.400m rt~pecti~ly.~t~ tbe liiiiititions inherent In tt~B-
design no firm conclusions can be drawn: but the results underline the urgent need for a comp~hensive investigation of this issue. Animal 
and in vitro studies are inconclusive to date-:-A.ii ~~~ incidence of DMBA induced mammary tumors in rats at a SAR of 1.4 W/kg in 
one experiment COuld not be replicatld in a SCcond trinl. Indications· of .oliJdative SlreSS after low·ltvel in ViVO CllpoSute of lllts could not be 
supported by in vitro studies of human fibroblasts and glioblastoma cells. I · 

From available evidence it is i!!)~Sible to delineate a ttm;sbold below which no elfeet occun, hOwever, given the fact that studjes repon]ng 
low exposure were invariably negative it is 5uggesied ttiat Ji<>wcrd~;ities aio~~d o.s-1 mw tm1 must be exceeded in 01der to observe an effect. 
The meaget- d&la base must be extended in the comini years. The difficulties of investigating Jong~trnn effects of base siation exposure have 
been exaggerated, considering tluu liase station and handset exposure ha\·e almost nothing in commOn-both needs co bt 'stUdied independently.· 
It cannot be accepted that srudyi!'g base stations is postponed until there is finn evidence for mobile pbones. 
0 2009 Elsevier !~land Ltd. All rights ~served. · 

K.eywords; Mobile phone base station; PerlOl'lltal!Ce; Canca; In vilrO studies; Microwave:~ 

1. JotroductJon 

Modem mobile telecommunication is based on a cellular 
system. Each cell is coveted by n base station that keeps track_ 
.!lf_th~ "!~~.~phones _w.!_thi~its .rnns~:con~uiliein .. io.ihe 
telephone network and bandies ciny -over to the next base sta
tion if a customer is leaving the ooverage area. Early mobile 
telecommunication systems had very large ceUs ·with tens 
of ldlometers radius lllld were predomin11ntly located along 
highways due to offering service mainly for car-phones. With 
the introduction of digita1 mobile phone systems cell sites 
got much smaller lllld base stations were erected in densely 

• Correspondina audlor. Tel.: +43 14277 64726; fu: +43 I 4277 9647. 
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populated areas. The limited power of mobile phones made 
it necessary to reduce the disumce 10 the customers. The 
cell size depends on (I) the radiation disWlce of the mobile 
phone; (2) the average number £f CC!nt:~~ted calls; (3) the 
topographic characteristics of the covered area and the sur
rounding buildings, vegetation and other shielding objects; 
and (4) the type of antenna u~~.' There are-essentially lhree 
types of cells presently making up mobile telecommunication 
networks: (1) macro-cells in areas of average to low number 
of calls; (2) micro-cdls in densely populated areas and areas 
with high telecommunication iraffic density; (3) pico-cells 
within buildings, gariges, etc. The types· of antennas used, 
aJthough hundreds of different models are operated, can be 
subdivided into: omni-directionaJ antefUUIS that radillte in all 
horizontal directions with the same power; sector anteMas 
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that radiate the main beam in one sector only but hove vary
ing apenwe (usually 120~ or 90°). These anteMas can be 
mounted on masts (that sometimes are in the shape of trees 
for protection of landscape or are otherwise hidden), on the 
top of buildings, on pylons. and micro· and pico-cell anten
nas on various other places (walls of houses, shops, indoors, 
etc.). The widlh of the beam in vertical direction is typically 
6°, but due to lhe presence of side lobes the actual pattern is 
more complicated. 

Digital base stations of the second generation (GSM, 
TDMA) and third generation (UMTS. COMA) have typi
cally a nominal power for each channel of I 0-20 W, micro
and pica-cells up to about 4 and 2 W, respectively. Due to the 
antenna gain the EIRP in the direction of the main beam is 
much greater (by a factor of 101110, where g is the antenna 
gain in dB, typically between 40 and 60). Most base sta
tions of the second generation operate with two channels, one 
broadcast control channel (BCCH, cbimnel used for tnUlSmit· 
ting inform.ation about the network, the location area code, 
frequencies_of neighboring eells, etc.) and one triufic chan· 
nel (TCH. channel used for transmission of calls), for third 
generation systems, due to code division multiplexing; con
trol information needed for the maintenance of the system 
is at present transmitted together with the actual information 
(calls, pictures, etc.) within one, broad-band channel. GSM 
systems operate the BCCH with all time slots occupied and 
therefore at maximal power, whereas TCH has as many time 
slots active as necessary to operate an active tnulsmission 
not covered by the BCCH. Field strength at ground level 
depends on the cbaiacteristics of the antenna. Because the 
main 'beam reaches ground level typically in 50-200m dis
tance. in case of free sighl to the antenna. maxilnum field 
stn:ngth is reached at that distance. However, due to the side 
lobes ups and downs of tield strength occur as one approach 
the base station. In 'areas where objects are shadowing the 
beams, patterns are still more complex because of diffraction 
and reflection and multi~path propagation wilh constructive 
as well as destructive interference. 

Free field propagation from lhe antenna along the main 
beam follows the law: P(x)=EIRP/(4n·x2), with P(x) the 
power flux density in x meters distance and EIRP the' equiv
alent isotropic radiated power of~~ antenna. Significant 
deviations rtom this expectation occur due to the side lobes, 
presence of interfering objects, differences in vertical beam 
width. and variations in the number of active transmissions. 
For these reasons distance to the antenna is a poor proxy for 
exposure level. 

Since the early 1990s tens of thousands of base stations 
have been erected in countries where digitaJ networks were 
introduced.' While older sy.stems -wl·th· their lo~; nuiilber -of 
base stations have hardly received public attention, the vast 

I 1incre~~)~-~~C: s~~ons h~~ ~~- p_ubl~~ __:~nc~m~ all ~~ 
jthe world. ~~otal reports a_~ut various effects on well-
1 being and health have .led also to-an increased aw8teness 
of physlcians-iT:if~;;d increased ~search effortS have been 

denwided\JJ, ~pite wsurofessional ang_public.con:. 

cems, the WHO tnrbmational EMF Project has di~ourag;_d 
-search into effects of base stations, beCause it deemed 

research into effects'ofmobilephOiies ofhigh.er priority. This 
position·;-a; ..£!~!!1&edin ioof when the newtCseir<:h"iigenda 
_recommended.studi~ _around_ base _stations. In 2006 .~ 
.!li~Wutate9_tlll!t research into potential health eff~_ts.of.bas_e_ 
!,Uttion is oflow.priOrity.{~]. 

Due to these cirCumstances only very (e~. inveStigations 
of effects of base stations on wellbeing and health exist. In 
addition some ex~rimental studies have been conducted, 
most of which address the problem of short-tenn effects on 
complaints and perfonnance. - -- , 

The following reView summarizes available evidence and 
' cQ!i~ally.asU'sses thtim'~tions as. to.their.ability.lO .SUP:-

pon.ouiis.missa potential effect of micro'!~ ~~sure fro_m 
~!.~on we~being and health. 

l . Epidemiological investigations 
. j . 

I · 
2. 1. Wellbeing and peifonnQnu . ' ' 

' t • • 

: . , Santini et al. (5,61 repon results of a survey in_ france to 
which 530 individuals (270 men and 260 women) responded. 
Study subjectS were enrolled through information given by 
press. radio, and wemite, about the existence of a study on 
people living near mobile phone base stations. Frequency for 
each of 18 symptoms was assessed on a 4le\'el scale (never, · 
sometimes, often, 8nd very often). Participants estimated 
distance to the base station using the followi~g categories: 
<IOm.lO-SOm, S~I00m,l~200m,200-300m,>300m. 
For comparison of prevalence of symptoms> 300 m served as 
reference category. For all symptoms a higher frequency of 
lhe categories ·often' or 'very often' was found at closer (self
reponed) distance to the base station. Fatigue, headaches, and 
sl~ping prob~~s sho~~<! l]._igh5st ~i~ti~e incxe.ase .. Due to a 

··less tilnn optimal statistical analysis comparing each distance 
category separately~ with the reference category the overall 

·' response pattern c~ only be assessed qualitatively. Fig. I 
shows relative prev81ence averaged over aJI symptoms as a 
function of self-reported distance to the antenna. Interestingly·
the ~nction ·is ao~ ! inonotonous but shows, after an' initia) -
drop, an increase at a distance of 50-:100 m. Because of the -. ,, --·-- .. . ,~· 

fact that in many ~sthis is ~e_!!istance at~~cb the.IDJin -
, beam re_ache~ 81:1?~~- level this may indicate a relationship to_ 
. ~ctual exposure levels. 

This study was a first attempt to investigate a potential 
relationship between exposure to base station signals and 
heltlth and has, the~fore, several shortcorrungs: (I) p:utici-

... .... . • ··- " "t •.• . ' ~- ..... . , --·· ... . ' ' •.. • 

pants selected themselves into lhe study group by responding 
to public announcements; (2) distance was self-reported and 
no attempt was mBrle to validate these repons (a German 
cross-sectional study in over 30,000 households revealed lhat 
more than 40% did itot know they were living in the vicinity 
of a base station 17 J); (3) no assessment of subjects' concerns 
about lhe base station; and (4) no measurement or caJcula-

1 
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Fig. I. Relative symptom frequency 1veraged over all 33 reponed symploma from Santini ct al. I.SJ as • function of di4!ance from base sLltion. 

lion of actual e"posure. Although selection bias and wrong 
estimation of distan~ to the base station could have led to n 
spuriously increased prevalence of symptoms. the p:mem of 
symptom frequency as n function of distance is intriguing and 
suggests that part of the increased symptom prevalence could 
be due to e"posure because people do not know the lypical 
pattern of field strengths found in the vicinity ofhasc stations. 

A Spanish version of Jb~~.as . .app.licd.in.lhc
FiiiiClisiUa~buted in La Nora. a small town in 
~uma, Spai~~~~l4~1nhabi~ts{8}.0veraii·IOI ques- · 

tionnilces (from 47 men and 54 women) were included in 
the analyses. Electric field srrength in the frequency runge 
1 MHz to 3 GHz was measured in the bedrooms of the par
ticipants. Data were analyzed in two different ways: first 
subjects were subdivided into those living less than ISO m 
from .the_base station and a second group living moie"than 
25.Q.~. away. (m.:diog:tQ"Seif-reportS); iheaverage e;\po· 
sure level of the first group was 1.1 mW/m2, and of the second 
group 0.1 mW/m2; self-reponed symptom severity was com
pared across these groups. The second method correlated 
log transformed field strengths with symptom scores. The 
majority of symptoms showed a relntionship both by com
parison of the contrast groups according to distance from 
the base stalionas y,;ell as wben correlat~ to measured field 
stn:ngali: Strangest effects were observed for headaches; sleep 
disturbances, concentration difficulties, and discomfort.' 

In contrast to the French investigation the study has 
assessed actual exposure by shon-term measurements in the 
bedrooms of participants. The fact that both, reported distance 
as well as measured field strength, correlated with symptOm 
severity supports the hypothesis of an association between · 
microwaves from the base station and wellbeing. Howe~er, 
because subjects knew that the inlention of the study was 
to assess the impact of the base station there is n potential 
for bias. Also concerns of the participants about effects of 
the base station on heo.lth were not assessed. Funhermore, 
method of selection of participants was not reported. 

In a cross-sectional study in the vicinity of 10 GSM base 
stations in rural and urban areas of Austria, Hutter et al. 
[91 selected 36 households randomly at ~h location based 
on the characterislics of the antennas. Selection· was done 
in such a way as to guarantee a high exposure gradient. 
Base stations were selected out of more than 20 locations · 
based on the following criteria: (I) at leiiSt 2 years opera- . 
non of the l1Dtelln4; (2) no protest a&ainst it before or after 
erection; (3) no nearby other base station; (4) transmission 
only in the 900 MHz frequency band. (The last two criteria 
were not fully met In the urban ozea.) In order to minimize 
intervention of interviewers all tests llDd questionnaires were 
preserued on a laptop computer and subjects fulfilled all w.sks 
on their own. Wellbeing was assessed by a symptoms list (v. 
Zerssen scale), sleeping problems by the Pittsburgh sleep
ing scale. In addition several tests of cognitive performance 
were applied. Concerns about environmental factors were 
inquired and sources of EMF exposure jn the household were 
assessed as well. lt was not disclosed to the subjects that the 
study was about the base station, but about environmental fac
tors in general. Among 'other measurements high-frequency 
fields were assessed in lbe bedrooms. · From the measured 
field strength of the BCCH maximum and. minimum expo· 
sure to the base station signals were computed. ln addition 
overall pow.er density of all high-frequency fields was mea
sured. Results of measurements from 336 households were 
available for analysis. Exposure from the base station was 
categorized into three ranges: below 0.1 mW/m2, between 
0.1 and 0.5 mW/m2, and above 0.5 mW/m2• Cognitive per
fonnance tended to be better at higher e"posure levels and 
was· statistically significant for perceplual speed after. cor·. 
recti on for confounders (age, gender, mobile phone use, and 
concerns about the base station). Subjective symptoms were 
generally more frequent at higher exposure levels and stn
tistically increased prevalence was found Cor headaches, cold 
hands or feet, and concentration difficulties. Although partic
ipants reponed more sleeping problems at rugher exposure 
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levels, this effect was removed after controlling for concerns 
about the base station. 

Despite limitations inherent in the cross-sectional study 
design the methodological problems mentioned in the French 
and Spanish investigations were avoided. Authors conclude: 
'The results of this study indicate that effects of very low but 
long lasting CAposures to emissions from mobile telephone 
base stations on wellbeing and heaJth cannot be ruled out. 
Whether the observed association with subjective symptoms 
after prolonged expos~ leads to manifest illness remains to 
be studi~." 

A study in employees work.ing within or opposite a bui !d
ing with GSM base station antennas on the roof wns reponed 
by Abdei-Rassoul et al. [I 0). The investigation took place 
in Shebin El-Kom City, Menoufiya Governorate, Egypt, 
where the first mobile phone base station was erected in 
1998 on a building for agricultural professions. OveraJI 37 
subjects working within this building and 48 subjects work
ing in the agricultural directorate about I 0 m opposite the 
building were considered exposed. A control group, work
ing in another building of the. agricultural administration 
located approx.irnalely 2 km away. consisted of SO persons. 
Participnnts compleaed a strucwred questionnaire assessing 
educational and medical history. A neurological examination 
was perfonned and a neurobehavioral test battery (tests for 
visuomotor speed, problem solving, attention and memory) 
was presented. The combined exposed groups were compared 
to the control group that was matched by sex. age and other 
possible confounders. Statistkal analysis accounted for these 
variables. Further comparisons were perfonned between sub
jects working in the building with the base station on the 
roof and those opposite. Exposed subjects petfonned signif
icantly better in two tests of visuomotor speed nnd one test 
of attention. in two other tests the opposite was the case. 
The prevalence of headaches, memory problems, dizziness. 
tremors. depressive symptoms, and sleep disturbances was 
significnritly higher among expos~ inhabitants than controls. 
Measurements Conducted 3 years before the investigation 
revealed compliance with the Egyptian stnndnrd (80 mW 1m2) 

with values between 27 and 67 mW/m2, but locations of the 
measurements were not specified. 

Like in the study of Hutter et al. [91 it was not disclosed to 
the participants that the study was about the base station. An 
important aspect is studying employees that occupy the area 
of exposure for 8-16b a day. Several possible confounders 
(age, sex, education, smoking, and mobile phone use) were 
considered and did not change the reponed results. Other fac
ton like stressful working condjtions, indoor pollutants and 
other attributes of the work place were not assessed and might 
have hacra.o effc:Ct on the. reported symptoms."Although no 
recent measurements were available it can be assumed that 
both. subjects working within the building ns wellns those 
opposite the building with the base station are exposed at 
comparatively high levels. The picture of one antenna shown 
in the article indicates that the panel is slightly uptilted. It 
cnn be assumed that the sidelobes of the antenna are directed 

down·wards into the building below the base station as well 
as into the opposite' building. Measurements in Germany 
revealed that, in contrast to a general belief that there is no sig
nificant exposure in bwldings below a base station antenna. 
the field strength in ~buiJdings below an antenna is almost 
equal to field Slrength in opposite buildings. 

An experimental field trial was conducted in Bavaria [II) 
during three months before an UMTS antenna on a gov
ernmental building st.arted operation. Based on a random 
sequence the anten~ was wmed on or off one, two, or three 
days in a row during 70 working days in winter 2003. Con
ditions were double--blind since neither the experimenters 
nor the panicipants I knew whether the antenna was on or: ' 
off. This was guaranteed by software manipulation of the 
antenna output that 'prohibited UMTS mobile phones from : 
contacting the base station and by locating the computer con· 
trolling the antenna in a sealed room. The UMTS antenna 
operated at a menn frequency of 2167.1 MHz. The protocol 
bas not been specified, but considering that no real trans
mission occurred it is assum~ that only the service channel 
was used. The antenna bad a down-tilt of 8° expected to 
result in rather high :exposure within the building. Mea5ured 
elecaic field strength in the rooms of the participants varied 
between the detection limit of the field probe (0.05 V/m) and 
0.53 VIm (corresponding to 0.75 mWim2) with an average 
of0.10±0.09V/m (corresponding to 0.03 mW/m2). Partici
pants should answer an online questionnaire on each working 
day they were in the office in the morning when they arrived 
and in the evening s'hortly before leaving. The questionnaire 
consisted of a symptom list with 21 items. and in the evening 
participants should state whether or not they considered the 
antenna has been on during this day,and whether they con
sidered, if they experienced any adverse effects, these effects 
due to the base station. From approximately 300 employ
ees working in the ·building 95 (28 females, 67 maJes) that 
answered the ques~onnaire on at least 25% of the working 
days were included in the analysis. 

None of the 21 symptoms showed a statistically significant 
difference between days on and days off. A more comprehen
sive analysis of the overall score across all 21 items applying 
a mixed model with subjects ns random factor and autore- •· .. 
gressive residuals revealed a tendency (p =0.08) for an effect'· . 
of actual exposure 'on the difference between morning and ·. 
evening values. Self-rated electrosensitivity h.ad a significant ~:~ 
effect on evening scores but did not affect difference scores.:;. 
As expected. subjective rating of exposure bad a significant 
influence both, on evening scores and score difference. Cor
rect detection rate :or base station transmission mode was 
50% and thus equal to chance. No person wns able to detect 
operation mode cOrrectly on significantJy more days thnn 
expected. 

The study design was a great strength of this pilot inves
tigation. lt combined the advantages of a field trial with the 
rigorous control of exposure conditions in an experiment. 
However, there are a number of severe shortcomings too: 
first, no correction .for actual exposure has been appli~. As 
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stated above, exposure varied considerably within the build
ing and some panicipants were not exposed at detectable 
levels at all. The resulting e~posure mlsclassificalion leads 
to a bias towards the null hypothesis. Furthennore. it was 
not specified which UMTS protocol was actually transmit
ted. Another important limitation is the quite low exposure 
even· in the offices with the highest levels. Problems with 
the statistical evaluation are indicated by a highly significant 
time factor suggesting insufficient removal of autocorrela- · 
tion. Firutlly, the symptom Jist contains severaJ items that 
were not implicated previously as related to exposure from 
base stations (e.g. back pain). Such items reduce the overall 
power to detect an effect of base sUltion exposure. 

A cross-sectional study based on personal dosimetry was 
conducted in Bavaria (12]. In a sample of 329 adults (173 
females, 155 males, and I unknown) chronic and acute symp
toms were assessed. Chronic symptoms were taken from the 
Freiburger Beschwerdeliste and acute symptoms from the 
v. Zerssen list Symptoms assessed were headache, neuro
logical symptoms, cardiovascular symptoms. concentration 
problems, sleeping disorders and fatigue. Participants wore 
a dosimeter (Maschek ESM 140) for 24 h on the upper ann 
on the side used for holding a phone (during the night the 
dosimeter was placed next to the bed). The dosimeter mea
sured exposure in frequency bands including GSM 900 up
and down-link, GSM 1800 up- and down-link, UMTS. DEer . 
and WLAN (2.45 GHz). 

Acute symptoms at noon and in the evening were 
dichotomized and related to exposure during the previ
ous 6 h (night time measurements were considered biased 
nnd not analyzed). Exposure was expressed in percent of 
the ICNIRP reference levels. Odds ratios for the different 
symptom gTO\Jps were computed in relation to exposure sub
divided into quartiles with the ftrst qurutilc as reference. 
Similarly, dichotomized chronic symptoms were related to 
average day time exposure levels. None of the symptom 
groups was significantly related to exposure. Odds ratios for 
headaches and cardiovascular symptoms during the last 6 
months were increased for aJI three tested exposure quartiles 
(for headaches odds ratios were: 1.7, 2.7, and 1.2 for 2nd to 
4th quartile; for cardiovascular symptoms these figures were 
1.4: 3.3, and 2.4). But none of these odds ratios was statisti
cally significant. Acute symptoms 111 noon and in the evening 
showed a tendency for lower prevalence of fatigue at higher 
e~posure levels. Odds ratios for headaches and concentration 
problems in the evening were increased 11t higher exposure 
levels in the afternoon but also these results were statistically 
not significant (odds ratios for headaches were 1.7, 1.6, 3.1 
and ~or concentration problems 1.4. 2.0, 1.4 for 2nd to 4th 
quartile of afternoon exposure levels). · · · 

Exposure was low and ranged from a daytime average of 
0.05 V/m (at or below the limit of dctennination) to 0.3 VIm 
(corresponding to 0.24mW/m2 power density). (In order 
to make results comparable to other investigations figures 
expressed in percent of ICNJRP reference levels were recal
culated to field strengths and power densities). Quaniles for 

daytime exposure were: up to 0.075 V /m, 0.075 to 0.087 V /m, 
0.087 to 0.11 0 V /m, and 0.110 to 0.3 V /m. It can be seen that 
the first three quartiles nre. almost indiscernible with a ratio 
of the upper limit of the third and first quartiles of only 1.5 . . 

Although the study of Thomas et aJ. [12] was the first 
one using persorutl dosimelr)' in the context of investigating 
effects of exposure to mobile phone base station signals on 
wellbeing it hliS not explored the potential of an almost con
tinuous exposure measurement. Only average exposure was 
computed and the probably most important nighttime values 
were left out. A number of different exposure metrics should 
have been assessed, like duration of exposw-e above a certain 
limit, maximum exposure level, longest period below limit of 
determination, and villi ability of exposure levels to name but 
11 few. Furthennore, prevalence of symptoms was so low that 
the power of the investigation to detect even substantially 
increased risks was inferior (less than 25%). Despite these 
shortcomings the study has its merits as a first step in using 
personal dosimetry. An earlier report of the group fl3] with 
a comparison berwecn two personal dosimeten (Mascbek 
and Antennessa) demonstrated that improvements are neces
sary before personal dosimetry can be 'uccessfully used in 
epidemiological studies. 

A large population·based cross-sectional study was con· 
ducted in the context of the German 'Mobile Phone Research 
Program' in two phases 17). In the initial phase 30,047 per~ 
sons from a total of 51,444 (58% response rate) who took 
pan in a nationwide survey also answered questions about 
mobile phone base stations. Additionally a list of 38 health 
complaints (Frick's list) was answered. Distance to the near
est base station was calculated based on 'geo-coded data of 
residences and base stations. In the second phase, all respon
dents {4150 persons) residing in eight preselected urban 
areas were contacted. In total, 3526 peJSons responded to 
a postal questionnaire (85% response rate) inclu~g ques
tions about health concerns and attribution of sympt~ms to 
exposures from the base station as well as a number of stan
dardized questionnaires: the Pittsburgh Sleep QuaUty Index, 
the Headache Impact Test, the v. Zerssen Ji't of subjective 
symptoms. the profile of mental and physical health (SF 36 ). 
and a short version of the Trier Inventory of Chronic Stress. 
Overall 1808. (5 I%) of those that responded to the ques
tionnaire agreed to have EMF measurement taken in their 
homes. Results of the large survey from the first phase of 
the.snidy revealed a fraction of 10% of the population who 
attributed adverse health effects to the base station. An addi
tionall9% were generally concerned about adverse effects 
of mobile phone base stations. Regression analysis of the 
symptoms summary score on distance to the base station 
(less. or. more than 500 m) . and aaribution/concems. about 
adverse effects adjusted for possible confounders (age, gen
<ler, SES, region and size of community) revealed a small but 
significant increase of the symptom score at closer distance 
to the base station. Higher effects, however. were obtained 
for concerns about adverse effects of the base station (with 
higher scores for those concerned) and still higher effects for 
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those that attributed their health problems to exposures from 
mobile phone base stations. The latter result is only to be 
expected because attribution presupposes existence of symp
toms and hence those with attribution must have higher scores 
than· those without. Because effectS of concemslaltribulion 
were accounted for in the multivariate model, effect of dis
tance to the base station is independent of these concerns 
or attributions. In the second phase measurements in the 
bedrooms revealed an overall quite low exposure to EMF's 

from the base station. Only in 34% of the households was 
the exposure above the sensitivity limit of the dosimeters 
of O.OSV/m (-7j.LW/m2). On avernge power density was 
3 I IJ. W /m2 Md the 99th percentile amounted to 307 1-L W /m2. 

A dichotomization at the 90th percentile (exposure above 
0.1 V/m, corresponding to 26.51-L W/m2) did not indicate any 
effect of exposure on the different outcome variables but 
effects of attribution on sleep quality and overall symptom 
SCOre (V, Zerssen list). 

This large study has a number of important advantages: it 
staited from a representative sample of the German popula
tion with over 30,000 participantS and the second phase with 
a regional subsample had a participation rate of 85%. Fur
thermore. severnl weiJ-selected standardized tests were used 
in the second phase. Results of the fint phase are essentially 
in line with lhe Austrian study of Hutter et al. (91. Not only 
the fraction with attribution of health complaints to exposure 
from the base station (10%) is identical, but also the higher 
symptom score in proximity to the base station independent 
of con~mslnnributions found in the previous study has been 
replicated. However, the study has also severe shortcomings, 
most notably: the failure to include a sufficient number of pnr
ticipmts that can be considered as exposed to microwaves 
from the base station. Note thai Hutter et al. (9] selected 
households based on the characteristics of the antennas in 
such a way as to guarnntee a large exposure gradient. In the 
randomly selected households of the study by Blettner et al. 
[7] the 90th percentile used as cutoff was well below the 
mediao (....,I 00 JL W 1m2) of the earlier investigation and the 
99th percentile was still below the level (500 J.1 W/m2) that 
was found to increase the prevalence of several symptoms. 
Therefore it is "unlikely that the investigation of the second 
phase could detect an effect if it occurs at levels consistent 
with those reported by Hutter et al 19]. 

2.2. Cancu 

Despite considerable public concerns that exposure to 
microwaves from mobile phone base stations could be detri· 
menlal to health and may, in particular, cause cancer, up to 
now only two studies of cancer in the vicinity of base stations 
applying basically an ecological design have been published. 

In a Bavarian town, Neila. the physicians of the town 
conducte,fan epidemiological investigation [ 14 J to assess a 
possible association between exposure to base station radia· 
tion and cancer incidence. The design used was an improved 
ecological one. 1Wo study arens were defined: one wichin 

1'1 circle of 400 m radius around the only base stations (two 
that were located in close proximity to each other) of the 
town. and one area r•r than 400 m from the base stations. 
Within these defined areas streets were randomly selected 
(after exclusion of a street where 1'1 home for retired people 
was situated) and all general practitioners of the town that 
were active dwing the whole period of operation of lhe base 
stations (one base station started operation September 1993 
the other December 1997) scanned their files for patients 
living in the selecttd streets. Overnll 967 individuals were 
found, constituting approximately 90% of the reference J>OP:. 
ulation. The study Period 1/1994 to 312004 was subdivided 
into two segments: The first 5 years of operation of the bas·e: 
station (1994 lhrou&b 1998) and the period from the sixth, 
year, 1999, unti13n004. Among the identified individuals 34 • 
incident cases of ~cer (excluding non-melanoma skin can
cer) were found. Assessment of can~r cases was assumed to 
be complete and all cases were verified histologically and by 
hospital discharge leners (note that there is no cancer registry 
in Bavaria). Age distribution was similar in the two areas with 
a mean age of 40.2 years in both, the area within 400 m of the 
base station and the area funher apart. Crude annual cancer 
incidence in the firSt 5 ·years after stan of operation of the 
base station was 31!3 x w-• and 24.7 x 10-4. in the closer 
and farther area, resPectively. In the second period these fig
ures were 76.7 x w-4 and 24.7 x·to-:•. The age and gender 
adjusted expected v8.lue of incident cancer cases in the study 
population based on data from Saarland, a German county 
with a cancer registty, is 49 X to-.4 . In the second period 
can~r incidence in 'the area within 400 m of the base swion 
was significantly ekvated, both, compared to the area funhcr 
away as well as compared to the expected background inci
dence. The incidence in the region further apart was reduced 
but not significantly when compared to the expected value. 

Although this s<Kailed Neila-study applied an improved 
ecological design with a random selection of streetS and 
inclusion of some itlfonnation from selected individuals, it is 
still subject to potentia) bias because relevant individual risk 
factors could not bC included in the analyses. 

A similar though less rigorous study has been petfonned 
in Netanya,lsrnel. Wolf and Wolf [ 151 selected an area 350m : 
around a base station that came into operntion 7/1996. The· 
population within this area belongs !O the outpatient clini( , 
of one of the authors. The cohon within this area consisted : 
of 622 people living in this ~UU for nt least 3 years at study• 
onset, wh.ich was one year after stan of operation of the base 
station and lasted fOr I year. Overall cancer incidence within 
the study area was compared to a neruby region, to the whole 
city of Netanya, arid to national rates. In the second year 
after onset of operation 8 cancer cases were .diagnosed in 
the study area. In tile nearby area with a cobon size of 1222 
individuals, 2 caseS were observed. Comparison to the total 
population with an expected incidence of31 x 10-• indicates 
a pronounced increase in the study area with an incidence 
of 129 x 10- 4 • Also against the whole town of Netanya m 
increased incidence was noted especially in women. In an 
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nddendum authors noted that also in the subsequent year 8 
new cases were detected in the study area while in the period 
S years before the erection of the base station 2 cases occurred 
annually. Spot measurements of high frequency fields were 
conducted in the homes of cancer cases and values between 
3 and S mWfm'Z were obtained. Although these values are 
well below guideline levels, they are quite high compared to 
typical values measured in randomly selected homes [7). 

Also in the case of the Netanya study lack of infonnation 
on individual risk factors makes interpretation difficult. Fur
thcnnore, migration bias has not been assessed although only 
subjects were included that occupied the area for at lellSt 3 
years. The short latency after stllrt of operation of the base 
station rules out an influence of exposure on induction period 
of the c:liseases. The substantial increase of incidence is also 
hardly explainable by a promotional effect. 

3. EJQJerlmcntaJ studies 

3.1. Experi~nls in hunuzn sensitive and non-sensitive 
individuals 

There are persons who claim to suffer from immediate 
acute as well as chronic effects on exposure to EMF and in 
particular to those from mobile phones or their base stations. 
Often these persons arc called EMF hypersensitive (EHS). 
The preferred tenn agreed upon at a WHO workshop {16) 
was Idiopathic Environmental Intolerance with attribution to 
EMF (lEI-EMF). Indeed, it would be a misunderstanding 
to confuse EHS with allergic reactions; rather these persons 
react with different unspecific symptoms such as headaches, 
dizziness, loss of energy, etc. Whether these persons have 
actuo.lly the ability to tell the difference between situations 
with nnd without exposure to EMFs is an open question. In a 
recent review R6tisli [ 17) concluded that·' ... the large major
ity of individuals who claim to be able to detect low level 
RF-EMF are not able to do so under double-blind conditions. 
If such individuals exist, they represent a small minority and 
have not been identified yet." However, it is important to 
differentiate between EMF sensitivity and sensibility {18 ). 
Independent of the question whether or not there are individ
uals that sense the presence of low levels of EMFs such as 
those measured in homes near mobile phone base stations. 
there could well be an effect of such exposures oo wellbeing 
and perfonnance even under sbort-tenn exposure conditions. 
In several experimental investigations this question has been 
addressed by exposure of persons with self-reponed symp
toms and also in persons without known adverse reaction to 
an assumed exposure. · 

The first of these investigations was carried out by the 
·ik Netherland~ Organization for Applied Scientific Research 

(TNO) and published as" researcti report·[ 19]. 1\Vo gro--ups
-=-ofpersons were included in the experiment. One group 

consisted of individuals (25 females. I I males) who have 
previously reported complaints and attributed them to GSM .. ~--

exposure. The other group consisted of subjects without such 
compliints (14 females, 22 males). Four experimental condi
tions were applied in a double-blind fashion: Sham exposure, 
expos!JrC to 945 MHz GSM, 1840 Mfu GSM, and 2140 MHz 
UMTS. Each panicipant underwent sham exposure and two 
of the active eJtposure conditions. Sequence of exposure 
was balanced such that each active exposure condition was 
tested equally often at ench of three experimental sessions. 
Each experimental session and a training session lasted for 
45 min.· All three experimental sessions and lhe training ses
sion were completed on one day for each participant. Both, 
for GSM and UMTS exposure, a base sto.Lion antenna was 
used and a simulated base station signal was transmitted dur
ing sessions. For the GSM conditions a 50% duty cycle (4 
slots occupied) was applied with pulses of peak amplitudes 
of I.V /m (0. 71 V /m efl'ective field strength: corresponding 
to 1.3 mW/m2). For UMTS exposure a protocol was used 
with different low frequency components and an effective 
field strength of I V/m (corresponding to 2.7 mW/m2). Dur
ing each session several performance tests were conducted 
and inimediately after each session a wellbeing questionnaire 
was administered (an-adapted version of the Quality-of-Life 
Questiormaire of Bulpitt and Fletcher [20) with 23 items) . 

. Overall . score. of .. wellbeing . was. significantly- reduced ~ 
J.'L~~~~- groups _!l_~~.J!te ~S .. conditionccompared to 

-~ sham exposure. Considering subscores anxiety symptoms, 
somiioc symptoms, . inadequacy symptoms, . and hostility 
symptoms were increased in the groups of sensitive individ
uals whereas in the control voup only inadequacy s~ptoms 
were increased after UMTS ~xpo~re~oinpared t~-sham. No 
effects. were" found in the two.GSM exposure conditions. , ( 

--':atl'emjggc9gllitive ~rfo~~ce bo~ gro~_P:_ ~ve~ed-~g: / ff .. 
_n;;;t;.;;;fi.;.;can~t..,;;e~~ure effects · In ~~~~~-.'E.:~iff~~t 
~~-~-~o.nd.i~"2!1~· l.nmostOf these tests reaction time was 

reduced except for one simple reaction time task. 
This study had an enonnous echo both in the media as 

well as in the scientific community because it was the first 
e~~rin:ll!l!.'!l investigation .with _ve_ry _l~w ~~s~ -~~!'~~ 
station like signals and in particular to UMTS signals, and 
oeciiuseli-was conducted by a hlghly respeCted research insti- ..,. 
tiili(inreporiing systematic· effeets'of exposure' that-seemed 
to-suppon citizens initiatives claiming that base stations have 
~dverse effects on wellbeing and heaJth. Immec:liately doubts 
were expressed that results could.be biased due to a faulty 
methodology. In fact, study design can be improved. First 
of all testing all exposure conditions on the same day has 
the advantage co reduce variance from between day differ
ences but could cause transfer effects if biological reactions 
do not immediately tenninate after end of exposure and stan 
of the next condition. Also time-of-day effect from chrono
biological variations could be superimposing the reactions 
from exposure. Such effects are sometimes not removed by 
bo.lancing exposure conditions. Second, not all subjectS were 
tested under all exposure conditions. The decision to reduce 
total experimental duro.Lion by presenting only two of the 
three exposure conditions together with sham was sound but 
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on the other hand led to a reduced power. Several other argu
ments such as lhe different gender distribution in lhe two 
groups are not very important because each subject sel"\'ed as 
hislber own control and comparison between groups was not 
important in this investigation. Other. criticism was eltpressed 
against statisticaJ analysis. No correction for multiple testing 
was applied. While some advice protection against inflation 
of type I error others recommend correction only for cru
cial experiments and not for pilot studies like this. Another. 
more serious. criticism was put forward against disregarding 
sequence of experimental conditions. As mentioned above, 
sequence, transfer, and time-of-day effeciS could have com
promised results because such effects are not completely 
removed by balancing exposure sequence. Due to this crit
icism several studies were planned thai should investigate 
whether the effects obsel"\'ed in the TNO study are robust and 
could be replicated under improved study designs. 

One of these experiments was perfonned in Switzerland 
[21 ]. Like in· the· TNO study, two groups of individuals 
were included: one with self-reported sensitivity to RF-EMF 
(radio-frequency EMF) and a reference group without com
plainiS. The first. group consisted of 33 persons ( 19 ferrulles, 
14 males) and lhe reference group of84 persons (43 females, 
41 males). The experiment consisted of~ experimental 
and one training session each I week apart perfonned on lhe 
same time of day (±2 h). Design was a randomized double
blind cross-over design like in the case of the TNO study, 
however, with a Wt4:k betwt4:n sessions and with all sub
jects tested under all experimental conditions that were solely 
simulaced · UMTS base station exposure at I V/m, 10 V/m 
and sham. The same UMTS protocol as in the TNO study 
was used. Each eltposure condition lasted for 45 min. Dur
ing exposure two series of cognitive tasks were performed. 
After eacb exposure condition the same questionnaire as has 
been used in the TNO study was applied and questions about 
sleep in the previous night, alcohol, coffee consumption, 
etc., were asked. Moreover, subjects had to race the per
ceived field strength of the previous exposure condition on a 
visual analogue scale. In addition. before and after each ses
sion lhe short Questionnaire on Cum:nt Disposition [22) was 
answered by participants. Questionnaires were presented in 
a separate office room. 

Except for a significant reduction of perfonn.ance speed 
of sensitive participaniS in the 1 V/m condition in one of six 
cognitive tests no effect of exposure was detected. In par
ticular, no reduction of wellbeing neither as assessed by the 
TNO questionnaire nor from scores of lhe Questionnaire on 
Current Disposition was found. Also correlation betwt4:n per
ceived and real exposure was not more often positive than 
expect~d trOm chance. Fig. 2 compares results of the TNO 
study and the results of Regel et al. [21) for the matching 
conditions (UMTS at I V/m). There are some notable differ
ences between the two studies: first, lhe reference group in 
the study of Regel et al. 121) had significantly higher scores 
(reduced wetlbeing) as the reference group in the TNO study 
in both the sham and the UMTS I V/m condition; second, 

J 
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Fig. 2. Comparison of mean (±SEMI CMI&ll wellbeillg ~ (11110 ques
tionnaire) obltined in lhe TNO "udY (191 and in the study of Re,el et al. 
[21) for the matching ~Dditions: Sbam Cllposun: and UMTS upo$ure 11 
IV fm in sen~itivc pani~ipants and the reference group." ' 

average scores from sensitive participants after exposure at 
I V/m are comparable in both studies but the sham condi
tion resulted in mueh"lower scores (better wellbeing} in the 
TNO study. There ire several explanations for Ibis difference 
between the two stUdics.lt is possible that the reference group 
in lhe TNO study ~mtsisted of exceptionally robust individ
uals. The fraction of males was higher in the TNO study and 
males have typically lower scores. However, considering that 
the reference group in the TNO study was almost 10 years 
older (mean age 4 7 years) as compared to the study of Regel et 
aJ. {21] (mean age 38 years) this is not a satisfactory explana
tion. It is possible that the basic adversity of the experimental 
setup was higher in :the latter study resulting in overall greater 
reduction of wellbeing. That this has not been observed in the 
sensitive group assumed to be more vulnerable to a 'nocebo' 
effect (the nocebo effect is the inverse of the placebo effect 
describing a situati~n when symptoms occur due to eltpecting 
adverse reactions) fu both conditions could be due to a ceiling 
phenomenon. Although lhe study by Regel et aJ. [21) had an .. 
improved design arid could not replicate the e;1rlier findings··-.· 
ofthe TNO study, doubts exist whether this can be considered ·' ... 
a refutation of an effect of UMTS exposure on wet! being. .~ 

Another experiniental study in sensitive and non-sensitive .: 
participants has beCn c-onducted in Essex. GrQt Britain, by 
Eltiti et al. [23). The eltperiment consisted of two phases: 
an open provocatio'n test and a series of doublc,.blind tests. 
In the open provocation phase 56 self-reported sensitive and . 
120 non-sensitive control individuals participated. Of these, 
44 sensitive (19 f~mates: 25 males) and 115 controls (49 
females, 66 males) aJso complet.ed the double-blind tests. 
Participants took part in four separate sessions each at least 
I week apart. Firsi session was the open provocation trial, 
sessions 2-4 were double-blind exposure trials wilh a sham, 
a GSM and a UMTS exposure condition. Double-blind ses
sions were reported to last for I .5 h, however, Table I of the 

' 
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Article showed an overall length of 48 min only. GSM expo
su~ was a simulated base station signal with both a 900 and . 
a J 800 MHz component each at an average level of S m W /m2 

and with a simulated BCCH with all time slots occupied and a 
TCH with a simulated 40% call activity resulting in a total of 
10 mW/m2 OSM exposure at the position of the pnn.icipants 
(corresponding to 1.9 V/m ~field strength). The UMTS sig
nal had a frequency of 2020 MHz with a power llux density 
of IOmW/m2 over the area where the p:uticipant was seated. 
Traffic modeling for the UMTS signal was achieved using a 
test model representing a realistic traffic scenario, with high 
peak to average power chMges. During double-blind ses
sions p:u-ticipants watched a BBC ''Blue Planet" video for 
20 min. performed a menta] arithmetic task for 20 min, per
formed a series of cognitive tasks lasting 8 min, arid made 
'on/off' judgments. During the first 40 min every 5 min sub
jective wellbeing was recorded on visual analogue scaJes 
(VAS) measuring anxiety, tension, arousal, relwc.ation, dis
comfon, and fatigue:. In ada.ition a symptom scule consisting 
of S? items was answered. During the whole period physio
logical measurements of heart rate, blood volume pulse, and 
skin conductance were performed. · 

. Phy~jological measurements revealed higher average val
ues for sensitive individuals compared to controls which were 

- - especially higlliinder UMfs~~posur«<n'c:i'ition;: Sympiom 
- lisfdid notre veal anydiffere;ces'tie'iw-een-double-blind con-

ditions, but the overall frequency of solicited symptoms was 
low. Concerning subjective wellbeing ns assessed by VAS 
there were increased values for anxiety, tension. and arousal 
underGSM o.ndesp&ially UMTS exposu~ conditions. Com
bining all scores of the slx scales (with relaxation reflected) 
reveals a significant increase during UMTS exposure com
pared to sham for lhe sensitive group and a significant 
reduction for the control group (see Fig. 3). Judgment of par.· 
ticipants about presence of exposure was not correct more 
often 'than in felTed rrom'chance:---·--·· ·-...•..•• - .. ' 
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J-i a. J. Mean (±SEM) total visual analogue acale scorn <:omputw from 
Table 2 of Eltiti ct aJ. (23] durina sham. OSM, or UM'TS c~pot>~m in aensiti~ 
and concrol individuals. 

The .increased values for anxiety, tension, and arousal 
found in this investigation were interpreted by the authors 
as due to on imbalance in the sequence of conditions wilh 
UMTS being more often lhe first exposure condition-pre· 
sented in the double-blind sessions. The imbalance was due 
to not reaching the predefined sample size. This points to the 
imponance of sening the block size for randomization to a 
low level (e.g. in this experiment with 6 possible expos~ 
sequences a block size of 18 would have been appropri
ate). Interpretation of nuthors, however, is questionable as 
pointcd.out by RMsli and Huss [241. For arousal tabulated 
values stratified for sequence of presentation (Table 3 in [23]) 
demonstrates that the difference: between sham and UMTS is 
present ~gardless of sequence of presentation. An additional 
analysis of the authors presented in response to the criticism 
in their statistical analysis seems to suppon their view that the 
observed difference to sham is due to a sequence effect. How
ever, it seems that this analysis has not been correctly applied 
as the sequence was introduced as a between subjects factor 
which corrects only the interaction between group and con
dition: Also the figure they provided [23) is inconclusive as 
it only demonstrates what is already known: that first ex~ 
sure leads to higher reduction of wellbeing (higher values 
of arousal). This investigation, although well designed B:ttd 
applying a more realistic exposure scenario than the other two 
studies, leaves some questions open. Despite an apparent cor
roboration of the findings of the TNO ~tudy. the imbalance in . 
the sequence of exposures makes it difficult to decide whether 
the interpretation of authors that the observed effect is due to 
an excess number of UMTS exposures presented first in the 
sequence is correct or an actunl effect occurred. Irrespective 
of these difficulties. consistent with the other investigations, 
wellbeing was not suongly affected. 

There are several other investigations of a similar type 

that have been completed and already reported at scientific 
meetings (e.g. Watanabe. Japan: Augner, Austria. personal 
':Onununication) but have not yet been published. 

3.2. Anirrw/ and in vitro e;cperimenls 

Anane et al. (25) applied the DMBA (7,12-dimethyl
benz(a)ailthracene) model of mammary tumor induction in 
female Sprague-Dawley rats to test whether. a sub-chronic 
exposure to microwaves from a GSM-900 base station 
antenna affects tumor promotion or progression. Exposu~ 
was 2h/day, 5 days/week for 9 weeks starting 10 days 
after application of lOmg DMBA administered at an age 
of animals of SS days. Exposure was applied in an anechoic 
chamber with animals placed in Plexiglas compartments that 
confined animals to a position parallel to the E·field. Details 
of the exposure protocol we~ not provided. Two series of 
experiments were conducted with four groups of I 6 animals 
each. ln the first experiment groups were: shlliil, 1.4, 2.2. 
and 3.5 Wlkg wbole-body SAR. and the second experiment 
with sham, 0.1, 0.7, and 1.4 Wlkg. In the first ex~riment 
the tumor incidence rate was significantly increased at 1.4 




